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Abstract 
 
The developments of novel tapered plastic optical fibers (POFs) devices have 
become the central focus of researches in recent years especially for sensing 
applications. In this thesis, simple sensors are proposed and demonstrated using a bare 
tapered polymethyl methacrylate (PMMA) fiber and tapered PMMA coated sensitive 
materials for various measurements. The tapered PMMA fibers were fabricated by 
etching method using acetone, sand paper and de-ionized water to achieve a waist 
diameter of 0.45 mm and tapering length of 10 mm and operate based on intensity 
modulation technique. Evanescent field absorption sensors were developed for various 
electrolyte and nonelectrolyte solutions using the PMMA tapered fiber probe. To 
enhance the performance of the sensing probe, tapered PMMA fibers were coated with 
sensitive materials such as graphene polymer, single walled carbon nanotubes 
polyethylene oxide (SWCNT-PEO) composite and zinc oxide nanostructures for 
sensing different concentration of uric acid. Subsequent performance analysis allows the 
identification of the experimental dependence of the surrounding refractive index 
sensitivity on the three different sensitive coating materials. It is observed that the 
transmitted light intensity improves with the sensitive material coating. The fiber itself 
can play an active role by acting as a sensor when the cladding is replaced with 
chemical sensitive material. On the other hand, RH sensors have been proposed and 
demonstrated using tapered PMMA in conjunction with various sensitive coating 
materials such as agarose gel, Hydroxyethylcellulose/ polyvinylidenefluoride 
(HEC/PVDF) and zinc oxide (ZnO). It is observed that the probe sensitivity improves 
with the sensitive coating materials. When the composite are exposed to an environment 
of humidity, it causes rapid surface adsorption of water molecules and changes its 
optical property. Furthermore, the proposed sensors also provide numerous advantages 
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such as simplicity of design, low cost of production, higher mechanical strength and 
easier to handle compared to silica fiber optic.  PMMA based sensor can easily be 
automated and to operate at room temperature and varying pressure conditions. 
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Abstrak 
 
Pembangunan novel tirus serat optik plastik (POFs) peranti telah menjadi 
tumpuan utama penyelidikan dalam tahun-tahun kebelakangan terutama untuk applikasi 
pengesan. Dalam tesis ini, sensor mudah telah dicadangkan dan ditunjukkan 
menggunakan gentian terdedah tirus polymethylmethacrylate (PMMA) dan PMMA 
tirus bersalut bahan-bahan sensitif bagi pelbagai ukuran. Gentian PMMA tirus telah 
direka dengan kaedah punaran menggunakan aseton, kertas pasir dan de-terion air untuk 
mencapai diameter pinggang sebanyak 0.45 mm dan panjang tirus 10 mm dan 
beroperasi berdasarkan teknik intensiti modulasi. Sensor penyerapan medan evanesen 
telah dibangunkan untuk pelbagai larutan elektrolit dan bukan elektrolit menggunakan 
alatan PMMA tirus serat. Untuk meningkatkan prestasi alatan pengesan, serat PMMA 
tirus telah disalut dengan bahan-bahan yang sensitif seperti polimer graphene, oksida 
berdinding nonotubes karbon polietilena tunggal (SWCNT - PEO) komposit dan zink 
oksida (ZnO) bersaiz nano untuk mengesan kepekatan asid urik. Dalam analisa yang 
berikut, biasan sensitiviti indeks kepada tiga bahan-bahan salutan berbeza dikenalpasti. 
Adalah diperhatikan bahawa keamatan cahaya meningkat dengan lapisan bahan yang 
sensitif. Serat sendiri boleh memainkan peranan aktif dengan bertindak sebagai sensor 
apabila pelapisan digantikan dengan bahan sensitif kimia. Sebaliknya, sensor RH telah 
dicadangkan dan ditunjukkan menggunakan PMMA tirus bersempena dengan pelbagai 
bahan-bahan salutan sensitif seperti gel agarose, Hydroxyethylcellulose / 
polyvinylidenefluoride (HEC / PVDF ) dan zink oksida (ZnO). Adalah diperhatikan 
bahawa sensitiviti siasatan bertambah baik dengan lapisan. Apabila komposit terdedah 
kepada persekitaran kelembapan, ia menyebabkan penyerapan pesat molekul air dan 
perubahan sifat optik. Sensor-sensor yang dicadangkan memberi banyak kelebihan 
seperti kesederhanaan reka bentuk, kos pengeluaran yang lebih murah, kekuatan 
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mekanikal yang lebih tinggi dan lebih mudah untuk dikendalikan berbanding dengan 
gentian optik silika. Tambahan pula, sensor berasaskan PMMA tidak memerlukan 
bahan-bahan canggih, boleh diautomasikan dan boleh beroperasi pada suhu bilik dan 
keadaan tekanan yang berbeza-beza . 
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Chapter 1 
Introduction 
 
1.1 Introduction to Plastic Optical Fiber (POF) 
 Plastic optical fiber (POF) is an optical fiber made out of plastic. Traditionally 
polymethyl methacrylate (PMMA) with acrylic in the core material, and fluorinated 
polymers are the cladding material. Higher-performance POF based on perfluorinated 
polymers have begun to appear in the market place since the late 1990s. Similar to 
traditional glass fiber, POF transmits light (or data) through the core of the fiber. In 
telecommunications, the more difficult-to-use glass optical fiber with core made of 
germania-doped silica is more common. Although the actual cost of glass fibers are 
similar to the plastic fiber, their installed cost is much higher due to the special handling 
and installation techniques required. The most stirring developments in polymer fibers 
have been the development of micro-structured polymer optical fibers, a type of 
photonic crystal fiber.  
 POFs also have applications in sensing. There are advantages of using POFs 
over silica fibers as it can be stretched further without breaking, simpler and less 
expensive components and lighter weight. Besides that, POFs have transmission 
windows in the visible range of 520 to 780nm. Hence, POFs have been relegated to 
short-distance applications typically of a few hundred meters or less compared with the 
hundreds of kilometers for glass. POFs have been found many applications in areas such 
as industrial controls, automobiles, sensors and short data links. Today, a new 
enthusiasm permeates the plastics side of optical fibers. 
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1.2 Background on optical fiber sensors 
Optical fibers are currently abundantly available for various applications ranging 
from transmission medium, which covering a wide spectral range and sensors. The basic 
optical fiber structure consists of a core surrounded by cladding material of a lower 
refractive index and both are transparent dielectric cylindrical. The refractive index 
difference between core and cladding provide total internal refection which protect from 
contamination and reduce crosstalk between fibers. Technology has since taken optical 
fiber sensors to the other extreme (Ahmad, 1994). The requirement for optical fiber 
sensors is to have a low optical and mechanical attenuation under all anticipated 
operational conditions without performance degradation (Ahmad, 1994).  
Fiber optic sensor (FOS) is compact and lightweight with the possibility of 
having distributed or quasi-distributed sensing geometries. That‟s means FOS can be 
multiplexed to measure over a continuous region or in some region (multi-channel) with 
large number of discrete points (Thyagarajan and Ghatak, 2007). Fiber optic sensors can 
be categorized into two groups: intrinsic and extrinsic. So-called intrinsic devices rely 
on light beam propagating through the fiber and interaction occurs actually within 
environmental effect of and the optical fiber itself. Extrinsic fiber optic devices were the 
optical fiber used to couple light. The light beam transmits and passing out of fiber to 
expose environment effect will be coupled back to fiber again. However, different 
applications of sensor require different types of transducers (optical fiber) to manipulate 
the incident radiation. Optical fiber sensors have been studied on accuracy, reliability, 
portability and cost effectiveness. It can be candidate to become a competitive 
alternative to the conventional sensors. To date, much of instrumentation upgrading in 
this particular application has been recorded. Thus, instrumentation for optical fiber 
sensor requires an overview. 
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The efforts to develop smaller but more sensitive and accurate sensors to cater to 
a large range of physical, chemical and biomedical measurements constitute a 
substantial drive for optoelectronics research today. Recently, tapered optical fibers 
have attracted many interest especially for sensing applications (Xu and Saeys, 2008; 
Rahman et al., 2011). This is due to a higher portion of evanescent field travels inside 
the cladding in the tapered fiber and thus the travelling wave characteristics become 
more sensitive to the physical ambience of its surrounding. A fiber optic taper becomes 
sensitive to the environment by enhancing the power fraction of evanescent wave (EW) 
in the cladding. The interest on tapered multimode plastic fiber has also increased 
considering its superior mechanical strength and ease of manufacture.  Tapered optical 
fiber has also received much attention for sensing applications (Khijwania and Gupta, 
1999; Beres, 2011; Golnabi et al., 2007; Corres, Arregui and Matias, 2006; Lim et al., 
2011; Zibaii et al., 2010). 
 
1.3  Motivation of this study 
 Various technologies are used in the photonics research field are based on silica 
fibers leaving behind POFs. However due to the advantages such as low cost, easiness 
in handling and immunity to electromagnetic interference, POFs become important. 
Recently, the interest on tapered fiber is also increasing for sensor applications. The 
reduction in the size of fiber within the tapered region allows the evanescent field of the 
propagating mode of the fiber to extend into the external environment. The deposition 
of a sensitive material onto the tapered fiber allows for the transmission spectrum 
control via the interaction of the light propagating in a fiber with the overlay material. 
The coating may be engineered to change the transmission spectrum in response to an 
external stimulus and thus sensors for a range of measurands. Today, many works have 
been carried out to evaluate the performance of the sensor with various sensitive coating 
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materials on the tapered region and many analyses on how it can enhance the 
performance of the sensor are also reported [Bilro et al., 2012].  The fiber plays an 
active role by acting as a sensor when the cladding is replaced with chemical sensitive 
material [Bilro et al., 2012]. In a work reported by Nagata et. al. [2007], the new 
deposited cladding had a refractive index slightly above the refractive index of the core 
and in the presence of detection medium, the refractive index decrease to values below 
the core. The changes in refractive indices cause an enhancement in the power output of 
the system. 
 This thesis proposes and demonstrates various new refractive index sensors 
based on tapered POF which featuring several advantages and potential. The working 
principle of the sensors is based on a simple intensity modulation technique, which uses 
tapered PMMA fiber coated with various sensitive coating materials as a probe. Even 
though they are much inferior in terms of sensitivity in comparison to the other 
techniques reported earlier, but they are relatively inexpensive, easy to fabricate and 
suitable for employment in harsh environments. Hence, these kinds of sensors might be 
preferred by some application requiring less cost and sensitivity. Here, the sensitivity of 
various sensors based on tapered fiber coated with graphene, single walled carbon 
nanotube, agarose gel, hydroxyethylcellulose / polyvinylidenefluoride (HEC/PVDF) 
composite and zinc oxide were investigated. 
 
1.4 Objectives of this study 
This work aims to explore several coating materials on tapered plastic fiber to 
investigate the response in detecting chemical of different concentrations and changes 
on relative humidity. To achieve this, few objectives have been proposed to guide the 
research direction, i.e.: 
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i. To demonstrate a tapered bare fiber as a sensor to detect different concentration 
of chemicals. 
ii. To coat the tapered fiber with sensitive materials such as graphene polymer, 
single walled carbon nanotubes (CNTs) composite and zinc oxide nanostructures 
for application as uric acid sensor. 
iii. To develop relative humidity sensor based on a tapered fiber coated with 
sensitive materials such as agarose gel, hydroxyethylcellulose/ 
polyvinylidenefluoride (HEC/PVDF) composite and zinc oxide nanostructures.  
 
1.5 Dissertation Overview 
 This thesis consists of six main chapters giving a comprehensive study on 
tapered plastic optical fiber sensors for chemical detection and relative humidity 
measurements. The current chapter presents a brief introduction on fiber optics field that 
includes the motivation and the objectives of this research.  
Chapter 2 provides a literature review on tapered plastic optical fiber (POF) 
where various fabrication techniques and coating methods are reviewed. Applications of 
POFs and various works pertaining to tapered POFs such as polymethylmethacrylate 
(PMMA) are also briefly described in this chapter.  
  Chapter 3 reports on the fabrication of tapered PMMA fibers based on two 
techniques; heat-and-pull method and chemical etching. The fabricated tapered fiber is 
then used as a sensor probe to measure the refractive index of various external liquids. It 
is found that chemical-etched taper provides better performance in term of repeatability. 
The repeatability of the etching process in terms of taper ratio and shape and its superior 
sensitivity has led to its further use in the following chapters as evanescent field sensors. 
Chapter 4 demonstrates a tapered fiber based sensor for uric acid detection. In 
this work, the tapered fiber is coated with sensitive coating materials such as graphene 
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polymer, single walled carbon nanotube composite and zinc oxide nanostructures to 
enhance the sensitivity of the sensor. Subsequent performance analysis allows the 
identification of the experimental dependence of the surrounding refractive index 
sensitivity on the three different sensitive coating materials. It is found that the fiber 
itself can play an active role by acting as a sensor when the cladding is replaced with 
chemical sensitive material.  
The tapered fiber is also used to develop relative humidity sensor as described in 
chapter 5. Various sensitive materials such as agarose gel, hydroxyethylcellulose/ 
polyvinylidenefluoride (HEC/PVDF) composite and zinc oxide nanostructures are 
successfully coated to the tapered fiber to increase the sensitivity of the proposed 
relative humidity sensors. The sensitive materials changes refractive indices in presence 
of water molecules. It is observed that the difference in refractive index between the 
cores and cladding influences the amount of light confinement inside the core. This 
proves that the proposed sensors are applicable for sensing relative humidity. 
Chapter 6 gives a summary and review of the results and analysis of this study. 
It also includes recommendations for further research work. Attached in the appendix 
contain some selected published papers during this study.  
 
The novelty of the investigations comprises: 
1. Investigation of Tapering method for POFs 
It is found that chemical-etched taper provides better performance in term of 
repeatability. The repeatability of the etching process in terms of taper ratio and 
shape and its superior sensitivity has led to its further use in several set-ups as 
evanescent field sensors.  
2. Development of Chemical Sensors 
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The tapered fiber with sensitive coating materials such as graphene, single 
walled carbon nanotube and zinc oxide are successfully demonstrated as a 
sensor to detect uric acid concentration 
3. Development of simple Relative Humidity Sensors 
New choices of relative humidity sensors using tapered fiber with sensitive 
coating materials are proposed using agarose gel, hydroxyethylcellulose/ 
polyvinylidenefluoride (HEC/PVDF) composite and zinc oxide. 
 
Below is a list of publications and papers presented in conferences during my 
research. 
Papers Published 
1. Batumalay, M., Harith, Z., Rafaie, H. A., Ahmad, F., Khasanah, M., Harun, S. 
W., ... & Ahmad, H. (2014). Tapered plastic optical fiber coated with ZnO 
nanostructures for the measurement of uric acid concentrations and changes in 
relative humidity. Sensors and Actuators A: Physical, 210, 190-196. 
2. Batumalay, M., Harun, S. W., Ahmad, F., Nor, R. M., Zulkepely, N. R., & 
Ahmad, H. (2014). Study of a fiber optic humidity sensor based on agarose gel. 
Journal of Modern Optics, 61(3), 244-248. 
3. Batumalay, M., Rahman, H. A., Kam, W., Ong, Y. S., Ahmad, F., Zakaria, R., ... 
& Ahmad, H. (2014). Evaluation of the tapered PMMA fiber sensor response 
due to the ionic interaction within electrolytic solutions. Journal of Modern 
Optics, 61(2), 154-160. 
4. Harun, S., Rahman, H., Batumalay, M., Muttalib, F., & Ahmad, H. (2013). Fiber 
Optic Displacement Sensor Using Multimode Plastic Fiber Probe and Tooth 
Surface. Sensors Journal, IEEE, Vol 13, Issue 1, 294-298. 
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5. Harun, S., Batumalay, M., Lokman, A., Arof, H., Ahmad, H., & Ahmad, F. 
(2013). Tapered Plastic Optical Fiber Coated with HEC/PVDF for Measurement 
of Relative Humidity. Sensors Journal, IEEE, Vol 13, Issue 13, 4702-4705. 
6. Lokman, A., Nodehi, S., Batumalay, M., Arof, H., Ahmad, H., & Harun, S. W. 
(2014). Optical fiber humidity sensor based on a tapered fiber with 
hydroxyethylcellulose/polyvinylidenefluoride composite. Microwave and 
Optical Technology Letters, 56(2), 380-382.  
7. Muhammad, M. Z., Lokman, A., Batumalay, M., Arof, H., Ahmad, H., & Harun, 
S. W. (2013). Tapered Fiber Coated with Hydroxyethyl 
Cellulose/Polyvinylidene Fluoride Composite for Relative Humidity Sensor. 
Advances in Materials Science and Engineering, 2013. 
8. Harun, S. W., Batumalay, M., Ahmad, F., Lokman, A., Jasim, A. A., & Ahmad, 
H. (2014). Tapered plastic optical fiber coated with single wall carbon nanotubes 
polyethylene oxide composite for measurement of uric acid concentration. 
Sensor Review, 34(1), 9-9. 
9.    Electrostatic Charge Interaction: A Case Study on Tapered PMMA Fiber for 
Calcium Nitrate Detection. 
(Emerald Sensor Review Journal) 
10.       Tapered Plastic Optical Fiber Coated with Graphene for Uric Acid Detection. 
(IEEE Sensors Journal) 
International Conference Paper 
1. Batumalay, M., & Harun, S. W. (2013, June). Relative humidity measurement 
using tapered plastic fiber coated with HEC/PVDF. In Technology, Informatics, 
Management, Engineering, and Environment (TIME-E), 2013 International 
Conference on (pp. 54-56). IEEE. 
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Chapter 2 
Literature Review on Tapered Optical Fibers and  
Fiber Sensors 
 
2.1   Introduction  
An optical fiber is a flexible, transparent fiber made of high quality extruded 
glass (silica) or plastic and function as a waveguide to transmit light between the two 
ends of the fiber. They are currently abundantly available for various applications 
ranging from transmission medium, covering a wide spectral range and sensors. In 
earlier days, the developed optical fibers were “bare” in nature with total internal 
reflection at a glass-air interface. A bundle of these fibers was used in a development of 
fiberscope, which has an eye piece at one end and a lens at the other end [Hopkins, & 
Kapany, 1954]. An optical data transmission system was demonstrated by German 
Physicist in 1965 followed by first patent application in 1966. Kao C.K. and Hockham 
G.A. promoted that attenuation in optical fibers could be reduced below 20 decibels per 
kilometer (dB/km), making fibers a practical communication medium as the attenuation 
in fibers available at the time was caused by impurities that could be removed. Silica 
glass with high purity was proposed as a host material to reduce the light-loss properties 
for optical fiber. Currently, a silica fiber with a loss of less than 0.15 dB/km is 
commercially available. Plastic optical fiber has a slightly higher loss than silica fiber 
and thus it is more suitable for short distance communication and sensor applications.  
 The basic optical fiber structure consists of a core surrounded by cladding 
material of a lower refractive index and both are transparent dielectric cylindrical. The 
refractive index difference between core and cladding provide total internal refection 
which protect from contamination and reduce crosstalk between fibers. It also enables 
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the light to be confined in the core and causes the fiber to act as a waveguide. However, 
the requirement for optical fiber sensors is to have a low optical and mechanical 
attenuation under all anticipated operational conditions without performance 
degradation. Specially designed fibers are used for a variety of other applications, 
including fiber lasers and sensors. Technology has since taken optical fiber sensors to 
the other extreme [Ahmad, 1994].  
Optical-fiber based technique has been developing which can be used for a 
variety of different sensor and applies in different purposes. The main drive of this 
research can complete the conventional methods with providing an effective 
measurement technology. Therein lies the recipe for the success of optical fiber sensors 
[Grattan and Sun, 2000]. Optical fiber sensors possess several advantages over 
conventional devices which are mainly due to the characteristics of the optical fiber 
itself. Fiber optic sensors can be made very small and thin, resistant to harsh (chemical) 
environments and immune to electromagnetic interference (EMI). They can be used in 
remote areas that are tackling difficult measurement situations [Thyagarajan and 
Ghatak, 2007]. The devices are also inherently safe because of the low optical power 
and the absence of electric current at the sensing point. Normally, multimode step-index 
fiber is most practical for use in chemical sensors based on changes in intensity and 
transmits more light [Thyagarajan and Ghatak, 2007]. Optical fibers, taking advantage 
of their unique characteristics which is susceptibility to linear and non-linear 
environmental effects for distributed sensing. In order to achieve optimum performance 
appropriate to a given measurand and measurement environment, careful matching of 
the system to the environment, and detailed system design are necessary.  
Currently, the fiber sensor researches are focusing in many new areas such as 
gases and vapours sensing, medical and chemical analysis, molecular biotechnology, 
marine and environmental analysis industrial production monitoring, bioprocess control, 
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salinity and the automotive industry [Guo and Albin, 2003; Wolfbeis, 2004; Golnabi et 
al.,2007; Khainar, 2008; Rahman et al.,2011; Rahman et al.,2012;]. Fiber sensors can be 
classified into two main approaches; direct or indirect. Direct sensing is commonly used 
to measure intrinsic optical properties, refractive index emission or absorption [Golnabi 
et al.,2007; Rahman et al.,2011]. Most of the studies of optical based chemical sensors 
are based on the refractive index variation of the chemical under scrutiny [Khijwania 
and Gupta, 1999; Beres, 2011]. 
 
2.2  Tapered fiber 
Over the last few years, researchers have been focusing in the fabrication of 
waveguides with sub wavelength dimensions, made of various materials and techniques. 
Fiber optic is well known for its admirable uniformity and other physical properties in 
term of strength and flexibility. Therefore, it can be used to realize a waveguide with 
sub-wavelength dimension such as a tapered fiber. To date, tapered optical fiber have 
already found direct potential function as wavelength division multiplexer (WDM) 
[Velankar & Shadaram, 2003], optical couplers [Oakley et al., 1994], filters [Hsu, et al., 
2009], polarizer [Zhang, et al., 2009] and high-powered lasers [Filippov, et al., 2009].  
Recently, tapered optical fibers have also attracted much interest for sensing 
applications due to an increasing effort to develop smaller but more sensitive and 
accurate sensors to cater for a large range of physical, chemical and biomedical 
measurements. The tapered fibers are very sensitive to the ambient environment and 
thus they can be used for various sensors such as refractive index, strain, temperature, 
humidity etc. The interest on multimode plastic optical fiber (POF) has also increased 
consideringly due to its superior mechanical strength and ease of manufacture for 
sensing applications [Golnabi et al., 2007; Corres, Arregui and Matias, 2006; Lim et al., 
2011; Zibaii et al., 2010].  
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2.2.1  Fiber Tapering Methods    
Fiber tapering is a process of reducing the fiber diameter in order to change their 
light coupling or light propagation properties. Previously, tapering is done by heating 
and pulling the fiber‟s ends. However, both core and cladding diameters are evenly 
reduced by this method. This type of tapered fiber consists of three sections; a segment 
where the diameter of the fiber gradually decreases (taper transition region), a taper 
waist where the diameter is small and uniform and a segment where the diameter of the 
fiber increases gradually (taper transition region). These regions are identified in figure 
2.1. 
 
 
Figure 2.1: Schematic diagram of a tapered fiber; n1 is refractive index of the 
surrounding medium, neff - effective refractive index of a core mode. 
 
Local heating and subsequent pulling of an intact fiber has been well accepted as 
a successful method to produce silica tapered optical fibers [Sumetsky, Dulashko and 
Hale, 2004; Shi et al., 2006]. However, only few examples of heat-pulled plastic optical 
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fiber (POF) tapers have been reported [Gravina, Testa and Bernini, 2009; Xue et al., 
2007; Arrue et al., 2008]. Due to the effect of heat and pull, the fiber core and cladding 
alter the refractive index profile. However, the fiber core of the chemical-etched taper is 
unaltered given that the diameter of the core is smaller than the taper. In contrast to 
chemical-etched fibers, the thinning of the core in the heat-pulled taper can lead to 
unfavorable mode distortions during the propagation of light through the tapered region. 
In addition to that, once the fiber core of silica fiber shrinks to a certain diameter, it 
becomes extremely fragile. Therefore, tapering using a chemical etching technique is 
investigated in our work. Chemical etching of plastic fibers is very attractive because it 
has the potential for batch fabrication of a larger number of identical tapered regions. 
Acetone, de-ionized water and sand paper were used to taper the fiber. The chemical 
etching technique is repeatable and does not require high operator skill. Furthermore, 
the etching process is gradual, which makes it simpler to monitor the waist diameter 
physically or optically. 
 
2.3 Fiber Optic Techniques for Sensing  
Fiber optic sensors can be divided into intrinsic and extrinsic, depending on 
where the transduction between light and measurand takes place, in the fiber or outside 
it [Udd & Spillman, 1991]. Extrinsic sensors are used in real applications where the 
light leaves the fiber and are obstructed before going back into fiber optic system. It can 
be in the form of mirror, prism or bending effect by the fiber itself. The advantage of 
this sensor includes a great reduction in size around the sensing area and the removal of 
all electrical components [Tracey, 1991]. On the other side, the fibers have problems of 
being affected by dirt, dust, vibration and alignment [Tracey, 1991]. The intrinsic fiber 
can overcome this problem by changing the light within the fiber. Among the uses of 
intrinsic fiber covers phase modulation, polarimetric, change in speckle pattern, colour 
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modulation and distributed micro bending of the fiber to achieve of the attenuation of 
the light [Tracey, 1991]. 
Various fiber-optic based sensing techniques reported with designs in extrinsic 
and intrinsic sensor types can also be further classified. Among those are evanescent 
wave and refractive index which are discussed as below. 
2.3.1 Evanescent wave sensor  
Light propagate along a fiber is not only confined to the core region but also 
extends into the surrounding cladding region. This affects the total internal reflection 
(TIR) effect, which varies the light attenuation inside the fiber due to the changes in the 
condition of critical angle criterion [Palais, 2005]. At each point of TIR, the interference 
between the incident and reflected signals generates a wave which extends beyond the 
core of the optical fiber and penetrates into the cladding region [Messica, Greenstein 
and Katzir, 1996]. This creates an evanescent field with amplitude that decays 
exponentially with distance away from the core/cladding interface and follows the form,  
 
𝐸𝑧 =𝐸0 exp
(𝑧𝑑p)     (2.1) 
      
where  dp is defined as penetration depth of amplitude, E is defined as evanescent field 
and E0 is defined as initial value before it decayed to 1/e at the interface of core and 
cladding.  
The equation of penetration depth also can be derived into an equation as below:-  
 
                                         dp = 
 
              {
     
     
)       
      (2.2) 
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where λ is the wavelength of the propagating signal in the optical fiber, θ is the angle of 
incidence normal at the interface and, n-core and n-cladding are the refractive indices of 
the fiber core and cladding respectively.  
Various optical fiber configurations can be used for evanescent wave sensing. A 
common approach is replacing portion of original fiber cladding to modified cladding 
material (sensitive material), we called as a tapered fiber [Yuan and El-Sherif, 2003]. 
The tapered fiber cause the evanescent field to extend further away from the interface, 
hence enhancing the interaction between light and the target analyte [Yeo, Sun and 
Grattan, 2008]. Beside, U-bent of optical fiber also can be characterized as evanescent 
sensor type. One of the popular intensity modulation techniques involves bending the 
fiber to induce radiation losses. Radiation losses increase and the transmitted light 
decreases [Udd, 1991]. Thus, with interaction within fiber and target analyte, result of 
optical absorption, refractive index change or scattering information can be obtained.  
The evanescent radiation power is dependent on the discontinuity in the 
core/cladding interface, the launch angle and the fiber dimensions. The methods used to 
increase the interaction between the evanescent field and environmental influences are 
side polishing, chemical etching, heat treatment and D-optical fibers [Bilro et al., 2012]. 
Furthermore, the combined effect of macro-bending and refractive index sensing in 
highly multimode unperturbed fibers affect the performance of sensors.  
2.3.2 Refractive index sensor 
Refractive index change is frequently demonstrated as an approach for EW 
sensing. The measuring or sensing of refractive index is one of importance scientific 
technique since the refractive index is a fundamental material property for which its 
accurate measuring is crucial in many cases. Any change in the optical or structural 
characteristic of the chemical, provokes a change in the effective index of the optical 
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fiber, changing its transmission properties [Khalil, Bansal and El-Sherif, 2004]. Owing 
to the broad measuring range as mentioned, there is a growing interest on optical fiber 
refractive index sensors. There have a great attractive in these types of sensor since they 
offer high sensitivity, and absolute detection, broad measuring range [Jha, Villatoro and 
Badenes, 2008; Elosua et al., 2006). Figure 2.2 shows the refractive index based on a 
tapered fiber coated with modified cladding sensitive material. 
 
 
 
 
 
 
 
Figure 2.2:Structure of an intrinsic fiber-optic sensing part 
 
The refractive index of the modified cladding material can be considered in two 
situations: a) having lower refractive index than core and b) having higher refractive 
index than core. Therefore, two basic types of fiber-optic intrinsic sensors can be 
designed according to the difference of refractive indices between the fiber core and 
cladding [Yuan and El-Sherif, 2003]. If the modified cladding, n2 has a lower refractive 
index than core n1 (n2<n1), the incident ray bends away from normal and greater than 
critical angle. Then the total reflection condition is met [Thyagarajan and Ghatak, 
2007]. 
On the other hand, if modified cladding, n2 has a higher refractive index than 
core n1 (n2 > n1), the incident ray bends towards to normal and less than critical angle, 
part of the optical power is refracted into the cladding, and another part is reflected back 
Core, n1 
Cladding, n2 
Modified cladding by adding 
sensitive material (n2m) 
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into the core (Elosua, 2006). The partial leaky-mode sensor is constructed based on the 
intensity modulation induced by the absorption of the refracted rays and evanescent 
field in the modified cladding [Yuan and El-Sherif, 2003].  
Fiber-optic refractive index (RI) sensors have been widely researched in the 
fields of chemical sensor and biosensor in recent years. They become one of the most 
attractive technologies in recent years due to the advantages of the compact size, high 
sensitivity, multiplexing, and remote-sensing capabilities. In order to realize the optical 
fiber-based RI sensors, the evanescent wave is widely applied through various special 
fiber structures, such as tapered fibers, long period gratings, microstructure optical 
fibers, D-shape optical fibers, and bent optical fibers [Zhao et al., 2013]. To study the 
sensitivity of fiber optic evanescent field in detail, several experiment and investigations 
have been demonstrated with different fiber core diameter, bending radius of the probe 
and the refractive index of the fluid around the probe [Gupta, Dodeja, & Tomar, 1996]. 
 
2.4 Tapered fiber with sensitive layer for coating 
Tapered fibers are widely used for sensing stress and pressure since 1980s 
[Gerdt et al. 1987; Mati et al, 2000]. Later this analysis were extended using coating 
functional for organic, inorganic [Shadaram et al. 1997; Arregui et al. 2000], biological 
samples [Golden et al. 1994; Corres et al, 2008; Gravina et al. 2009] and humidity 
[Bariain et al. 2000]. Tapered optical fiber has received much attention for sensing 
applications due to the characteristics of tapered fibers which allow a higher portion of 
evanescent field to reach outer environment and thus it is more sensitive to the physical 
changes of its surrounding. The coated tapered fiber changes optical properties in 
response to an external stimulus.  
 18 
 
2.4.1 Overview on sensitive materials 
To enhance the sensitivity of surrounding refractive index variation around the 
optical fibers, the evanescent field propagating in the fiber needs to be enhanced. 
Recently, a sensitive materials coating technique has been proposed and investigated to 
enhance the evanescent field in optical fibers for RI sensing [Zhao et al., 2013]. The 
behavior of sensitivity enhancement under different coating material and refractive 
index can be analyzed through the cladding being altered. 
2.4.1.1 Graphene 
Graphene is a one-atom thick sheet of carbon packed honeycomb two-
dimensional lattice [Shan et al., 2009]. In graphite, atoms of carbon are bonded in two 
dimensions where 3 out of 4 valence electrons of each carbon atom are used in bond 
formation with 3 other carbon atoms. The 4
th
 electron of each carbon atom forms 
delocalized π–bond which spread uniformly over all carbon atoms. Graphene have two 
types of bonding. One of it is covalent bonding where the intermolecular are strong and 
pair of electrons is shared between atoms. This creates a stable balance where atoms 
share valence. Whereas, the other type of bonds are van der waals forces where the 
intermolecular are weak due to attraction and repulsion forces between molecules. 
Graphene sheets forms graphite by restacking due to this van der waals force [Li et al., 
2008]. In addition to that, graphene is also a pure aromatic carbon system with an 
optical absorption beyond far infrared and electrical conductivity and charge carrier 
mobility surpass the most conductive polymers [Loh et al., 2010]. Figure 2.3 shows the 
FESEM image of the graphene. 
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Figure 2.3:FESEM image of the graphene 
 
Graphene was discovered by Andre Geim using simple Scotch tape method in 
2004 [Loh et al., 2010] and created a revolution in condensed matter physics.  In earlier 
days, graphene was well known for post-complementary metal oxide (CMOS) 
electronics due to high carrier mobility, high thermal and electrical conductivity [Loh et 
al., 2010]. Later graphene gave a breakthrough in chemistry due to its applications in 
optics, polymer composite and thin coating. Graphene has good potential applications in 
many fields such as nanoelectronics, nanocomposites, sensors, solar cells and liquid 
crystal devices [Allen at al., 2010; Li et al., 2008; Pumera, 2010]. Further research were 
done by Kuila and Shang for the applications in electrochemical devices due to high 
conductivity, fast heterogeneous electron transfer, good biocompatibility and large 
specific surface [Kuila et al., 2011; Shang et al., 2008]. 
The excellent conductivity and small band gap are favorable for conducting 
electrons from the biomolecular [Stankovich et al., 2006] and also high sensitivity 
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chemical sensors [Ao et al., 2008; Peres et al., 2006]. Furthermore, graphene can be 
easily obtained by chemical conversion of inexpensive graphite [Xu et al., 2008].   
2.4.1.2 Carbon Nanotube 
Carbon nanotubes have distinct properties due to strong demand in producing 
high selective, sensitive, responsive and cost effective for the next generation sensors. 
Carbon nanotubes sensors have excellent properties such as small size, high strength, 
high specific area and high electrical and thermal conductivity. Carbon nanotubes are 
formed by layer of graphite rolled up into a cylinder and the arrangement determine 
whether it is a single walled nanotubes (SWNTs) or Multi walled nanotubes (MWNTs). 
SWNTs have only one single layer of graphene cylinders and MWNTs have many 
layers [Sinha, Ma, & Yeow, 2006]. The MWNTs were developed by Iijama in 1991 
[Iijama, 1991] and SWNTs were developed by Iijama, Ichihashi and Bethume in 1993 
[Iijama & Ichihashi, 1993; Bethune at al., 1993] which invoke interest to many 
researcher.  
Carbon nanotubes rolled up into a tube of diameter 1-10nm have good electro 
catalytic properties. It has good electrochemical sensing properties due to unique one-
dimensional (1D) nature and lead to excellent conductivity. The biological function of 
carbon nanotubes invokes further research in biosensors and nanoprobes. The dielectric 
responses of the Carbon nanotubes are found to be highly anisotropic [Sinha, Ma, & 
Yeow, 2006]. The electronic  transport in metallic SWNTs and MWNTs occurs without 
scattering over a long distance which is applicable for high current carrying [Sinha, Ma, 
& Yeow, 2006; Liang et al, 2001; Berger et al., 2003]. However the bending effect of 
carbon nanotubes may lead to reduction in conductivity and cause band gap opens upon 
twisting. Since that SWNTs have better shape of cylinder than MWNTs has lead to 
fewer defects and therefore it is more preferred over MWNTs for sensing [Sinha, Ma, & 
Yeow, 2006].  
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In recent years, SWNTs have been demonstrated as promising nanomaterials 
due to its hollow structure and applicable for chemical sensing [Kong et al., 2000; 
Chopra et al., 2003]. SWNTs can either be metallic or semiconducting and electrically 
conductor. Carbon nanotubes respond to light when there is a change in shape and cause 
current to be generated and the moves between electrodes [Stetter & Maclay, 2004]. 
The ongoing exploration on electrical, physical, chemical and mechanical properties 
contributes a wide range of applications such as nanoelectronics, sensors, field emission 
and electrodes. To date, CNTs have been utilized in biosensors in many forms such as 
probes [Woolley et al., 2000; Vo Dinh et al., 2000], filed- effect-transistor using a single 
semiconducting CNTs [Bradley et al., 2003; Star et al., 2003; Li et al., 2003], a random 
CNT network [Koehne et al., 2003; Koehne et al., 2004] and nanoelectrode array 
[Guiseppi,-Elie, Lei and Baughman, 2002; Azamian et al., 2002; Musameh et al., 2002]. 
Figure 2.4 shows the FESEM image of the SWNT embedded in PEO material. 
 
Figure 2.4:FESEM image of the PEO/SWNT  
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2.4.1.3 Zinc Oxide 
Zinc Oxide is a vertile II-VI semiconductor used for numerous applications due 
to its distinctive optical, chemical and electrical properties [Zhang el at., 2005]. It 
becomes the focus of research in recent years especially for electronics and photonics 
applications. For instance, Zinc Oxide nanostructure materials could provide a suitable 
platform for developing high performance biosensor which is due to its unique 
properties such as high catalytic efficiency and strong adsorption ability. The direct 
wide band gap of 3.37eV, semiconductor Zinc Oxide is attractive for short light 
emitting devices [Yakimova et al., 2012].  
The well-known Zinc Oxide with one-dimensional (1D) nanostructure such as 
nanowires and nanorods has also attracted much attention [Li et al., 2000; Yao, Chan & 
Wang, 2002; Banerjee et al., 2003]. Zinc Oxide nanorod and nanowire film have shown 
promising application in humidity sensors [Zhang el at., 2005]. The renewed interest in 
Zinc Oxide has also driven by the success in growth of single crystal, epitaxial layers 
and nanostructured with controlled properties [Yakimova et al., 2012]. Zinc Oxide can 
be prepared as thin films [Tompa et al., 2007], nanobelt [Pan and Wang, 2001], 
nanorods [Khranovskyy et al., 2010] and nanowires [Huang et al., 2001]. 
These nanostructures are applicable for designing biosensors, chemical sensors 
and humidity sensors. Nowadays, they become one of the most active research areas 
since Zinc Oxide is a very sensitive material with good selectivity as well as has 
outstanding specific surfaces [Yakimova et al., 2012]. Figures 2.5 (a), (b) and (c) show 
various structures of zinc oxide nanoparticles under FESEM. 
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 (c) 
Figure 2.5:FESEM images for zinc oxide nanoparticles (a) rods (b) tubes and (c) 
flowers 
2.4.1.4 Agarose Gel for use in humidity sensors 
Currently, interest in studying about humidity sensor using POF is growing as 
due to advantages such as low cost, ease in handling and immunity from EMI [Muto et 
al.,2003]. If a mixture of swelling cellulose and hydrophilic polymer is placed as 
sensitive cladding layer of POF, it will cause a change in refractive index by attached 
water molecules. The transmission properties of tapered optical fibers have given a rise 
to numerous research studies for the application of sensors [Corres et al., 2006]. 
Stretching and waist radius reduction created in this region will cause the core/cladding 
interface to be redefined where the single mode fiber in the tapered region will act as 
multimode coupling [Corres et al., 2006]. This beating of modes in the taper very 
sensitive to external medium refractive index changes allowing its use in refractometry.  
Agarose is considered a biopolymer, originating from a marine alga which is 
widely extended in the field of biochemistry for deoxyribonucleic acid (DNA) chain 
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separation [Kurihara et al., 1998, Bariain et al., 2000]. The gel is insoluble in water and 
easily deposited on the fiber and its porosity determines the quantity of water that the 
gel is capable of absorbing and operates as humidity sensor [Bariain et al., 2000]. The 
measurement environment requires sensors of extremely small size and insensitive to 
EMI. For these reason, optical fiber humidity sensor have an advantage over electronic 
sensors [Arregui et al., 2000]. This water containing gels are useful to monitor the 
humidity which involve the measurement of the refractive index. In the earlier work, the 
fabrication of sensors are based on hydrogels poly-N-vinyl methacrylate (poly-HEMA), 
poly-acrylamide, poly-N-vinyl pyrro-lidinone (poly-N-VP) and agarose have been used 
for the immobilization indicators on optical fiber. Hydrogels are materials formed by 
networks of crosslinked hydroplilic polymers. Among these agarose gives the best 
performance sensors [Arregui et al., 2003].  Later, humidity sensors based on refractive 
index changes of hydrogels with humidity and moisture measurement are further 
studied [Yeo, Sun, & Grattan, 2008]. Agarose was given special interest and been 
developed for the use of humidity sensor fabrication as a generic rule that the bigger the 
pore size, the higher the dynamic range and shorter response time. The agarose gel with 
a response time of around 90s with a range of application from 10-100% of Relative 
humidity (RH) was reported for light source 1310/1550nm [Arregui et al., 2003].  In 
another research, agarose gel transduction layer is intergrated with a periodic silicon 
nitride film to form a sensitive optical resonance structure whereas the agarose gel 
humidifies the resonance wavelength shifts [Lee et al., 2007].  
Agarose gel is easy to apply, stable and insoluble in water [Lee et al., 2007 .  n 
addition to that, agarose has a 3  net structure containing large pores with average pore 
size of   100nm  Upcroft & Upcroft, 1993]. The agarose absorb water from ambient air 
and its refractive index changes with humidity [Lee et al., 2007]. In dry state, the 
refractive index of Agarose is larger and it operates as leaky mode for higher order 
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mode. In humid air it swells and its refractive index decreases and higher order mode 
are guided and the intensity of transmitted light increases [Mathew et al., 2007]. Barian 
et al. also reported in the fabrication of optical fiber humidity sensor using a hydrophilic 
gel (agarose) operates within the range of 30-80% of RH and a variation of up to 6.5dB 
of the transmitted optical output.  
2.4.1.5 Hydroxyethylcellulose (HEC) 
Hydroxyethylcellulose/ polyvinylidenefluoride (HEC/PVDF) composite is a 
class of polymeric material known for its excellent water absorption properties, as 
potential material for the sensing approach. A tapered POF coated by a polymer blend 
of HEC/PVDF composite can be used to sense the change in relative humidity. The 
coated tapered fiber changes optical properties in response to an external stimulus. The 
fiber with the composite act as an effective refractive index cladding that allow more 
light to be transmitted in hydrates state. The HEC/PVDF composite-coated sensor 
increases the sensitivity of the humidity sensor due its ability to swell in a humid 
atmosphere resulting in a drop in its refractive index below that of the core and thus 
allowing more light to be transmitted from the tapered fiber.   
 
2.5 Plastic optical fiber (POF) 
POF is a multimode fiber with a large diameter, flexible and durable 
characteristics, which is fabricated from different types of polymers such as PMMA. 
POF have several advantages over glass optical fiber (GOF) as far as sensing 
application is concern. POF based sensors can be realized using a simple and 
inexpensive techniques and equipment. New advance in technologies allows POFs to be 
sensitized to various measurands or have its optical and physical properties modified to 
enhance its sensing performance. The advantages of POFs in medical environment is 
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that the fiber must withstand rough handling and can easily be replaced if broken as 
usual as being immunity to electromagnetic interference, intrinsic safe and chemically 
immune. In addition to that POFs is easy to polish and cut into defined angle.  
High possibility to obtained various POF sensors based on EW technique by 
replacing a portion of cladding with a sensitive material. The change of surrounding 
refractive index affects the optical properties of the fiber. The sensitivity of the sensor 
can be increased by further reduction of POF diameter, which increases the evanescent 
field penetration of guided modes. The sensitivity can be further increased by coating 
the tapered or etched POF with suitable sensitive materials. The POF based refractive 
index sensors are suitable for applications related to quality control, food industry, 
industrial processing, environment contamination, simple architecture, aircraft, 
chemical and biological analysis, biomedical applications and specimen detection. POF 
sensor is well known to its characteristics such as compactness, high sensitivity, in-situ 
measurements and immunity to external electromagnetic interference.  
 
2.6 Methodology 
This thesis focuses on developing various POF sensors for chemical, biomedical 
and environmental applications. A brief description of the methodology adopted in the 
investigation and experimentation of this work is described as follows: 
 
Development and Analysis of Multimode Tapered PMMA Fiber Sensors 
The fabrications of tapered PMMA fibers were produced by the heat and pull 
technique and chemical etching technique. Furthermore, this POF based sensor does not 
require sophisticated materials can easily be automated and can be operated at room 
temperature and varying pressure conditions. Then, a comparative study aimed to 
investigate the external liquid refractive index sensitivity in heat-pulled and chemical-
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etched tapers is presented. The sensor measures the output voltage of the detector that is 
influenced by the interaction of the evanescent wave produced in the tapered cladding 
and the solution which forms its surrounding. Finally, we report on an investigation into 
the impact on sensitivity of electrostatic interactions between the PMMA core and the 
analyte solution, particularly focusing on its interaction with electrolytes and non-
electrolytes. 
 
Analysis of multimode tapered PMMA fiber sensors for uric acid detection 
 A new choice of refractive index sensor, featuring several advantages and 
potential, which is a simple intensity modulated fiber optic sensor using PMMA plastic 
tapered fibers with sensitive coating materials. Here, the sensitivity of tapered fibers 
coated with graphene, single walled carbon nanotube and zinc oxide were investigated. 
Variations of refractive index were achieved through the use of different concentration 
of uric acid solution. Subsequent performance analysis allows the identification of the 
experimental dependence of the surrounding refractive index sensitivity on the three 
different sensitive coating materials. 
 
Analysis of multimode tapered PMMA fiber sensors for relative humidity 
detection 
A new choice of refractive index sensor, featuring several advantages and 
potential, which is a simple intensity modulated fiber optic sensor using PMMA plastic 
tapered fibers with sensitive coating materials. Here, the sensitivity tapered fibers 
coated with agarose gel, hydroxyethylcellulose/ polyvinylidenefluoride (HEC/PVDF) 
composite and zinc oxide were investigated. Subsequent performance analysis allows 
the identification of the experimental dependence of the surrounding refractive index 
sensitivity on the three different sensitive coating materials. 
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Chapter 3 
Development and Analysis of Multimode Tapered PMMA Fiber 
Sensors 
 
3.1 Introduction 
The developments of novel optical fiber devices have become the central focus 
of optical fiber researches in the past recent years. One in particular are the invention of 
tapered optical fibers that have led to various impressive applications in microscale and 
nanoscale photonic devices [Bariain et al., 2000; Bariain et al., 2000; Eggleton et al., 
2001; Brambilla, Finazzi and Richardson, 2004; Polynkin et al., 2005; Stiebeiner, 
Garcia-Fernandez and Rauschenbeutel, 2010; Tian et al., 2011]. These types of 
waveguides have found profound applications in the fields of biochemical, biomedical, 
environmental and different area sensors etc. The sensitivity of the fiber is enhanced by 
enabling the interaction between the evanescent fields of the sensing fibers with the 
analyte under investigation. They are able to guide light at visible and infrared 
wavelengths with low loss [Shi et al., 2006; Wolchover et al., 2007]. 
To date, comprehensive researches have been conducted on the fabrication, 
characterization and use of tapered silica-core fibers. However, one practical limitation 
of using silica-core fibers is that when a section of cladding is removed, the exposed 
fiber core is very fragile and brittle which further imposes restrictions on sensor design 
and handling. Alternatively, POFs such as PMMA may be used as an alternative to 
silica-core optical fibers due to their comparatively cheaper price, and considerably 
more flexible structure. POF possess a strain limit of over 50%, whereas the silica-based 
fibers are fragile and will break under a strain of only 5%. The simplicity of use owing 
to the simple set-up involved and the absence of expensive termination tooling, make 
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POF an attractive alternative for tapered fiber sensors. Furthermore, they possess good 
tensile strength, higher numerical aperture, load resistance and lower bend radius limits 
than standard fibers [Gravina, Testa and Bernini, 2009]. 
The common practice for fiber tapering is by heat-pulling or chemical etching. 
The heat-pulling method can be achieved by using flame, electric arc or high power 
laser. Lasers have been reported to produce excellent tapers [Liao et al., 2010]. This 
method is a relatively simple process, however extra assemblies need to be made for 
precise control of the heating and pulling process. This is especially crucial as the 
PMMA used in the POF have low ductility and higher tendency for uneven melting 
leading to uneven profiles [Gravina, Testa and Bernini, 2009]. Tapers may also be 
produced with a more controllable profile by chemical etching. The cladding of POF 
can be chemically removed using a solution of acetone in water [Merchant, Scully and 
Schmitt, 1999]. The main difference between these two techniques is the index profile 
of the fabricated tapers. Tapers would have different optical characteristics as the 
cladding is removed through chemical etching but preserved in heat-pulled tapers. Light 
will travel through the core/air interface in the waist of the chemically-etched taper, 
compared to the core/cladding/air structure in the waist of the heat-pulled taper.   
Likewise, refractive index sensors also gained a tremendous interest recently. 
They can be developed based on the EW field interaction [Villatoro, Monzon-
Hernandez and Talavera, 2004; Polynkin et al., 2005; Xu, Horak and Brambilla, 2007; 
Wang et al., 2011] with a chemical concentration whose RI is measured. Compared to 
silica tapered fibers, the evanescent field absorption in surrounding solutions is not only 
governed by the absorption coefficient and refractive index of the solution. The 
sensitivity of the fiber to evanescent field absorption is also significantly affected by the 
surface charge interactions between the fiber and the molecule/ions in the solution [Lye 
at al., 2005]. 
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In this chapter we report the fabrication and applications of tapered PMMA 
fibers produced by the heat and pull technique and chemical etching technique. The 
focus of most literatures is on the feasibility of silica tapered fiber optic sensors, leaving 
the PMMA tapered fiber much to be explored. The main advantages of PMMA 
compared to silica fibers are their ease of handling, mechanical strength, disposability 
and easy mass production of components and system. Then, a comparative study aimed 
to investigate the external liquid refractive index sensitivity in heat-pulled and 
chemical-etched tapers is presented. The sensor measures the output voltage of the 
detector that is influenced by the interaction of the evanescent wave produced in the 
tapered cladding and the solution which forms its surrounding. Finally, we report on an 
investigation into the impact on sensitivity of electrostatic interactions between the 
PMMA core and the analyte solution, particularly focusing on its interaction with 
electrolytes and non-electrolytes. 
 
3.2 Taper Fabrication 
 The fabrication of tapered PMMA fiber is briefly discussed and demonstrated in 
this chapter. Tapering of the fiber can be done by local heating and subsequent pulling 
or by chemical etching. The fiber used is a step indexed multimode fiber with an overall 
cladding diameter of 1 mm, core diameter 980µm, a numerical aperture of 0.51 and an 
acceptance angle of 61°. 
 
3.2.1 Heat Pulling Method 
Local heating and subsequent pulling of an intact fiber has been well accepted as 
a successful method to produce silica tapered optical fibers [Sumetsky, Dulashko and 
Hale, 2004; Shi et al., 2006]. However, only few examples of heat-pulled POF tapers 
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have been reported [Gravina, Testa and Bernini, 2009; Xue et al., 2007; Arrue et al., 
2008]. Figure 3.1 illustrates the fabrication set-up for the tapered fiber used in this 
study, which was produced using a heat-pulling method. The tapering of the fiber was 
done by first placing the PMMA fiber between two fiber holders which were fixed onto 
a translation stage on one end and a fixed stage on the other end. The built-in butane 
burner was fixed at the centre of the PMMA fiber before it was pulled slowly at one end 
to reduce the fiber waist diameter to the desired length. As a precautionary step, the 
flame should be clean and the burning gas flow should be well controlled. Steps should 
be taken to reduce any air convection flow that may cause breakage in the fiber during 
the drawing process. After the taper was made, the profile of the taper was measured 
using a microscope. Inset compares the image of the original and tapered fiber. It is 
observed that the fiber diameter is reduced from 1 mm to 0.187 mm by this technique. 
Figures 3.2(a) and (b) show the microscope image of the un-tapered and tapered PMMA 
fiber with a cladding diameter of 1 mm and 0.187 mm, respectively. 
 
 
 
 
 
 
 
 
 
Figure 3.1:Schematic diagram of the tapering process of the PMMA fiber. Inset 
compares the original and tapered fibers. 
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(a)                                                           (b) 
Figure 3.2:Microscopic image of the (a) un-tapered PMMA fiber (with diameter of 1 
mm) and (b) Tapered PMMA fiber (with diameter of 0.187 mm) with heat pulling 
method. 
3.2.2 Etching 
Chemical etching of plastic fibers is very attractive because it has the potential 
for batch fabrication of a larger number of identical tapered regions. Acetone, de-
ionized water and sand paper were used to taper the fiber. The acetone solution was 
applied to the PMMA using a cotton bud. The PMMA fiber was then neutralized with 
de-ionized water. The milky white surface around the outer cladding of the plastic fiber 
was removed using sand paper for about 8-10 seconds. This process was repeated until 
the tapered fiber has reached the desired stripped region length of the waist diameter.  
A microscopic is used to identify any areas of cladding remaining in place and 
hence can be removed by repeating the entire process. The core will remain in its 
original condition even with the exposure to the solvent provided that the exposure 
times are limited as described. The use of fresh solvent for each process ensures a much 
more consistent taper surface finish across the samples provided. Figures 3.3(a) and (b) 
0.1mm 0.25mm 
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show the microscope image of the un-tapered and tapered PMMA fiber with a cladding 
diameter of 1 mm and 0.45 mm, respectively. 
 
 
(a)                                                         (b) 
Figure 3.3: Microscopic image of the (a) un-tapered PMMA fiber (with diameter of 1 
mm) and (b) Tapered PMMA fiber (with diameter of 0.45 mm), with etching technique 
 
The described process of the chemical etching technique is repeatable and does 
not require high operator skill. Furthermore, the etching process is gradual, which 
makes it simpler to monitor the waist diameter physically or optically, by measuring the 
transmitted power [Lovely et al., 1996]. Existing heat-pulling tapering methods for 
PMMA fiber have difficulty producing large numbers of identical tapered region 
without exact monitoring of the processes [Gravina, Testa and Bernini, 2009]. On the 
other hand, the heat-pulled tapers show very little surface roughness which an 
advantageous trait for subsequent processing, e.g. metal is coating. 
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3.3 Sensing of Sodium Chloride Refractive Index  
The detection and measurement of small variations of refractive index within a 
chemical solution has recently received considerable amount of attention due to its 
association with the concentration of molecules. A refractive index sensor with better 
detection limits is capable in detecting smaller concentrations of molecules. Optical 
detection methods of refractive index variations enable a label-free detection of liquid 
molecules which does not require the liquid analyte to be marked with fluorescent dyes. 
Numerous fiber-based refractive index sensors have been reported based on fiber 
interferometers [Li et al., 2010; Park et al., 2010; Xia et al., 2010], fiber Bragg gratings 
[Iadicicco et al., 2004, Guo et al., 2009; Meng et al., 2010; Wong et al., 2011] and 
tapered fibers [Tai and Wei, 2011; Liao et al., 2011; Wang et al., 2011]. This kind of 
fiber sensors exhibit good performance but some optical set-ups are complicated and 
involve tedious fabrication processes. Furthermore, tapering of silica fibers make them 
more fragile and difficult to handle. 
In the work presented here, a new choice of refractive index sensor, featuring 
several advantages and potential, which is a simple intensity modulated fiber optic 
displacement sensor using PMMA plastic tapered fibers. Here, the sensitivity of heat-
pulled and chemical-etched tapers as a liquid refractive index sensor was investigated. 
Variations of refractive index were achieved through the use of different concentration 
of sodium chloride solution. Subsequent performance analysis allows the identification 
of the experimental dependence of the surrounding refractive index sensitivity on the 
two different tapering techniques, namely the heat pulling and chemical etching 
technique. 
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3.3.1  Experimental set-up 
Two different tapers were fabricated, one from each of the heat pulling and 
chemical etching technique. Due to the ease in fabrication control of the chemical 
etching technique, it was used to produce a taper that resembled the dimensions of the 
heat-pulled taper. A fixed dimension ratio of 0.45 was used for both tapers based on the 
report by Beres et. al [2011] using tapering machine stating that PMMA fiber optic 
tapers with waist diameters in the range of 0.40 mm to 0.50 mm showed good 
sensitivity to refractive indexes variations whereas those with waist diameters above 
0.55mm and below 0.30mm did not demonstrate substantial sensitivity. Furthermore, 
smaller waist diameters are associated with an increased tendency for fiber breakage, 
especially during the fabrication of the chemical-etch taper. This selected taper ratio 
results in a waist diameter and length of 0.45 mm and 10 mm, respectively. The 
experimental setup for sensing different liquid refractive index based on various 
concentration of sodium chloride solution is shown in Figure 3.4. The setup consists of 
a He-Ne light source, an external mechanical chopper, a highly sensitive photo-detector 
and a lock-in amplifier. The light source operates at a wavelength of 633 nm (red 
region) with an average output power of 5.5 mW, beam diameter of 0.80 mm and beam 
divergence of 1.01 mRads. The light source was set at a modulation frequency of 113 
Hz before being launched into the tapered plastic fiber that was placed in a petri dish 
filled with the test solution. The photo-detector was placed at the other end of the fiber 
to convert the received optical signal into an electrical signal that was then fed into a 
lock-in amplifier together with the output frequency from the mechanical chopper 
(which acts as the reference signal for the lock-in amplifier). The reference signal from 
the chopper will match the input electrical signal from the photo detector. This will 
allow a very sensitive detection system that will remove the noises generated by the 
laser source, photo-detector and the electrical amplifier in the photo-detector. The light 
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source, the plastic fiber in the petri dish and the detector were aligned in a straight line 
so as to minimize bending losses that may occur in the plastic fiber, and this will 
increase the accuracy of the measurement. The tapered fiber which acts as a sensor 
probe was first immersed in de-ionized water to measure the output power of a 0 % 
sodium chloride concentration, followed by sodium chloride concentrations from 2 % to 
12 %.  The measurements were carried out for sodium chloride solutions (+80 mesh, ≥ 
98% reagent grade, Sigma-Aldrich, USA) with concentrations of 1, 2, 3, 4, 5 and 6 g per 
50 ml of de-ionized water. The unit of concentration is wt %. As the concentration of 
sodium chloride increases from 2% to 12%, the refractive index of the solution also 
increases from 1.336 to 1.353. The refractive index measurements were obtained using 
Mettler Toledo-RE4OD Refractometer. During the experiment, the error caused by 
temperature was taken to be negligible and the temperature was kept constant at 25
o
C. 
 
 
Figure 3.4: Experimental set-up for the sodium chloride refractive index sensor using a 
tapered PMMA fiber. 
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3.3.2 Performances of the sensor  
The experimental results for both heat-pulled taper and chemical-etched taper 
are presented in Figures 3.5 and 3.6, respectively. Figure 3.5 shows the variation of the 
transmitted light from the tapered PMMA fiber against the concentration of sodium 
chloride solution. As shown in the figure, the output voltage from the photo-detector, 
which is proportional to the transmitted light linearly, increases as the concentration of 
the sodium chloride solution increases for both of the tapers. The sensitivity however is 
higher for the chemical-etched taper which is obtained at 0.0036 mV / % compared to 
the 0.0019 mV / % of the heat-pulled taper. Figure 3.6 shows the variation of output 
voltage with the refractive index of the sodium chloride solution. The output voltage 
increases from 0.056 mV to 0.075 mV for the heat-pulled taper and from 0.261 mV to 
0.296 mV for the chemical-etched taper in response to the increase in the refractive 
index from 1.3325 to 1.353. Both of the slopes show a good linearity of more than 99%. 
Another important observation is that the sensitivity of the chemical-etched taper is 
about 1.8 times greater than that of the heat-pulled taper. By using the chemical-etched 
taper, the transfer function for the output voltage versus sodium chloride refractive 
index is obtained as follows 
 
                  (3-1) 
 
and the following transfer function is obtained when the heat-pulled taper is used 
 
                  (3-2) 
 
Since the diameter of the cladding in the tapered region has been reduced or 
completely removed as in the case of a chemical-etched taper, the refractive index of the 
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external medium works as passive cladding and can influence the amount of power loss 
as the signal passes through the tapered region. The plastic multimode fiber used in this 
experiment has a core and cladding refractive index of 1.492 and 1.406, respectively 
and the index difference between the core and cladding is relatively larger compared to 
those of silica multimode fiber. When immersing the tapered fiber into the sodium 
chloride solutions with concentration starting from 0 % to 12 %, the index difference 
decreases since the refractive index of sodium chloride solutions are higher than water 
(1.3333). The solution index also increases as the concentration increases. The 
refractive index profile in the heat-pulled taper is changed since both the fiber core and 
the cladding are affected by the heating and pulling process. However, the fiber core of 
the chemical-etched taper is unaltered. In contrast to chemical-etched fibers, the 
thinning of the core in the heat-pulled taper can lead to unfavorable mode distortions 
during the propagation of light through the tapered region. 
This however contradicts with the transmission property of multimode fibers 
developed by other researchers [Guo and Albin, 2003] whereby an increase in the 
external medium index increases corresponds to a larger energy fraction of evanescent 
wave and ultimately decreases the transmission output.  This is attributable to the partial 
charge separation in the PMMA leading to a net negative charge at the surface of the 
fiber where the oxygen atoms within the PMMA monomer sit. Hence, the electrostatic 
interaction between external ions and the PMMA core will affect the outcome of the 
sensor. The sodium chloride solutions (NaCl) used in this experiment is an ionic 
compound and a strong electrolyte. It dissolves in water completely forming Na
+
 and Cl
-
 
and the electrostatic interaction between the Na
+
 ions with the surface of the fiber takes 
place. This results in a lower energy fraction of evanescent wave hence more Na
+
 ions 
will be attracted to the fiber surface and consequently less power leakage. To further 
support this argument, several other electrolytes and non-electrolytes were used and 
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subsequently analyzed in the next section to observe the similarity in the trend of the 
sensor response.   
The sensor performance is summarized in Table 3.1. For the chemical-etched 
taper, the sensitivity is obtained at 2.095 mV/RIU with a good linearity of more than 99 
% for a refractive index range from 1.3325 to 1.33530 RIU. The limit of detection for 
the sensor is 718.8 x 10
-6
 and is sufficiently stable with a standard deviation of 0.58 %. 
For the heat-pulled taper, the sensitivity is obtained at 1.1213 mV/RIU with a good 
linearity of more than 99 % for a refractive index range from 1.3325 to 1.33530 RIU. 
The limit of detection for the sensor is 825.1 x 10
-6
 and has a higher standard deviation 
of 1.7 %. Throughout the experiment, a fix quantity of liquid solution was placed in the 
petri dish and the corresponding output voltage was measured by a lock-in amplifier 
which provides accurate measurements even though the signal is small compared to 
thousands of times larger noise sources. Furthermore, a well-regulated power supply is 
used for the red He-Ne laser and this minimizes the fluctuation of source intensity. 
These results show that the proposed sensor is applicable and useful for liquid refractive 
index detection especially in the industry due to the ability of the sensor to provide real 
time salinity detection and control of various mixtures continuously. 
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Figure 3.5:Output voltage against sodium chloride concentration. 
 
Figure 3.6:Output voltage against refractive index of sodium chloride concentration. 
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Table 3.1:The performance of the sodium chloride refractive index sensor 
Parameter Etch Heat 
Sensitivity 
 
2.095 mV/RIU 
 
1.1213 mV/RIU 
Linear Range 
 
1.3325 – 1.3530 
RIU 
 
1.3325 – 1.3530 
RIU 
Linearity 
 
More than  99 % 
 
More than  99 % 
Standard 
Deviation 
 
0.01 mV (0.58 %) 
 
0.001 mV (1.7 %) 
Limit of detection 
 
718.8 x 10
-6
 RIU 
 
825.1 x 10
-6
 RIU 
 
3.4 Analysis of PMMA Optical Fiber Sensitivity for use as a Chemical 
Concentration Sensor in Electrolyte and Non-Electrolyte Solutions. 
Most of the studies of optical based chemical sensors use solely the refractive 
index variation of the chemical under scrutiny. However, the surface charge interactions 
between the fiber and the ions in electrolyte solutions also play a role in the sensor 
response. Chemical can be classified as electrolytes and non-electrolytes depending on 
the dissociation of their ions in solutions [Ebbing and Gammon, 1999]. Electrolyte is 
defined as a substance containing free ions that make the substance electrically 
conductive. High proportion of solute dissociates to form free ions in strong 
electrolytes.  Common types of electrolytes are group I and II salt solution when in the 
form of ionic solution and molten. Electrolytes are an important mineral in human body 
which affects the amount of water in body, acidify blood (pH) and muscle function 
[Zibaii et al., 2010]. Sodium chloride is an ionic compound and is an example of a 
strong electrolyte. Electrolyte is an ionic compound that can conduct electricity by 
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producing free ions in water. Electrical conductivity of an electrolyte is directly 
proportional to the concentration of the solution used because the higher the 
concentration of the solution, more free ions will be produced in the solution. Ionic 
compounds are held together by electrostatic forces (the charges of the respective ions 
Na
+
 and Cl
- 
attracted to each other) and can easily break down and produce ions in water 
[Ebbing and Gammon, 1999]. Sodium chloride has been used by researchers for 
measuring salinity [Cong et al., 2002; Grossman, Yongphiphatwong and Sokol, 2005; 
Gentleman and Booksh, 2006; Skinner and Lambert, 2011]. Salinity sensors are 
becoming important recently for numerous applications such as in the detection of 
saltwater intrusion in drinking water and the measurement of salinity levels in seawater 
desalination to supplement industrial water use in large coastal cities.  
Another example of a strong electrolyte is calcium nitrate (Ca(NO3)2), which is a 
high quality fertilizer. Calcium nitrate dissolves readily in water and goes into solution 
as Ca
2+
 and NO
3-
 ions. This unique combination offers many benefits to growers. 
Nitrate ions as supplied by calcium nitrate are immediately available for plants to use. 
By timing calcium nitrate application to match the crops growth rate, nitrogen 
efficiencies can be maximized and the risk of nitrate leaching will be minimized. 
Nitrates increase the plant uptake of nutrients such as magnesium, calcium and 
potassium while ammonium nitrate depresses their intake. The calcium ions displace 
sodium in the soil profile, which improves water and oxygen infiltration in soils. This is 
important to improve plant growth and crop quality in term of longer storage, skin 
presentation and disease tolerance [Ho et al., 2009; Visconti, De Paz and Rubio, 2010].  
Non electrolytes are compound composed of molecules that do not conduct 
electricity when dissolved in molten or aqueous solutions. Non electrolytes do not 
ionize in aqueous solution into positive and negative ions and hence fail to work as a 
conductor. They are normally covalent compounds and mainly organic in nature. 
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Examples of non-electrolytes are glucose and sucrose. Monitoring of glucose level in 
food is crucial for diabetic patients to prevent the disease from becoming proliferative. 
It is also important to all cells from bacteria to humans as a primary source of energy, 
photosynthesis and fuels for cellular respiration [Wolfbeis, 2004]. Enzymatic methods 
have been traditionally used to measure glucose concentration and provide point sample 
results [Zen and Lo, 1996; Deng et al., 2008; Nagaraja et al., 2012].  
Sucrose is the main transportable sugar in plants and is composed of fructose 
and glucose. Sucrose can be found in many crops, but sugar cane is the most popular 
and widely used source of sucrose. Sugar and other chemical forms of sugar can cause 
tooth decay, obesity, coronary heart disease, glycation, and also diabetes. The formation 
of high concentrations of acid may appear on the surface of a tooth, which may then 
lead to tooth demineralization. Sucrose is also converted to dextran that glues the 
bacteria to the surface of a tooth. Therefore, sucrose could initiate Streptococcus 
mutants to stick strongly and which then would avoid most rigorous attempts at 
removal. In other words, the dextran pose as the reserve food supply for the bacteria that 
causes tooth decay. Several studies have been made on the influence of sucrose on tooth 
decay [Newburn and Frostell, 2009; Cheng et al., 2009; Carucci and Casini, 2012]. 
In this section, a chemical concentration sensor is proposed and demonstrated 
using a tapered plastic multimode fiber. The aim of this work is to evaluate the output 
response of the proposed sensor on electrolytes and non-electrolytes. Calcium nitrate 
and sodium chloride solutions were used to represent electrolytes whereas glucose and 
sucrose solutions were used to represent non-electrolytes. The proposed sensor 
measures the output voltage of the detector that is influenced by the interaction of the 
evanescent wave produced in the tapered region and the solution which forms its 
surrounding. Subsequent performance analysis allows us to identify experimental 
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dependence of the sensor response due to the electrostatic interaction between 
electrolyte ions and the PMMA fiber.  
3.4.1 Experiment 
Chemical-etched tapers were used due to the ease in fabrication control and 
increased sensitivity. The fabrication method in section 3.2.2 was repeated to obtain 21 
tapered fibers having stripped region lengths of 10 mm in average and waist diameters 
within the 0.35 mm to 0.65 mm range which were then used to experimentally identify 
the optimum taper ratio.  
The similar set-up as in Figure 3.4 was used to observe the sensor response for 
two electrolyte (namely calcium nitrate and sodium chloride) and two non-electrolyte 
(glucose and sucrose) liquid samples of similar refractive indices. The set-up consists of 
a light source, an external mechanical chopper, a PMMA tapered fiber, a highly 
sensitive photo-detector, a lock-in amplifier and a computer. At first, the PMMA 
tapered fiber in the Petri dish is straightly aligned to the detector to minimize bending 
losses that may occur in the tapered fiber. The tapered fiber which acts as a sensor probe 
is first immersed in de-ionized water to measure the output power of a 0 % liquid 
concentration (pure de-ionized water), followed by sodium chloride concentrations from 
2 % to 12 %.  All the other liquid solutions follow this process order. The measurements 
were carried out for calcium nitrate solutions (Calcium Ntrate Tetrahydrate grade AR, 
m. Wt 236, 15g/mol, Friendemann Schmidt Chemical, Australia ),  sodium chloride 
solutions (+80 mesh, ≥ 98% reagent grade, Sigma-Aldrich, USA), glucose solutions ((D 
(+) - Glucose (C6H12O6 g/mol), John Collin Corporation, United Kingdom)) and 
sucrose solutions ((D (+) - Saccharose (C12H22O11, g/mol), ≥ 99.5% reagent grade, 
Sigma-Aldrich, USA))  with concentrations of 1, 2, 3, 4, 5 and 6 g per 50 ml of de-
ionized water. The refractive index measurements of the liquid solutions were obtained 
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using Mettler Toledo-RE4OD Refractometer. The effect of the tapered fiber 
arrangements on the performance of the sensor was also investigated. The straight 
tapered fiber was bent to form a u-shape and knot where the same process was repeated 
for measuring sodium chloride and calcium nitrate solution concentrations. 
3.4.2 Performance of the sensors 
At first, the experiment was carried out to study the variation of the sensor 
sensitivity against the different diameter of PMMA plastic fiber ranging from 0.35mm 
to 0.65mm. The result is shown in Figure 3.7, in which the optimum sensitivity of the 
sensor is obtained when the taper diameter is around 0.45 mm. This agrees with the 
findings reported by Beres et al. [2011] and henceforth was used throughout the 
remaining experiments.  
 
Figure 3.7:Diameters of fiber against sensitivity (calcium nitrate) 
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The experiment was then carried out to study the variation of the transmitted 
power against the different calcium nitrate concentration as presented in Figure 3.8. The 
figure shows that the slope of the plot is positive and the experimental data points are 
fitted very well (more than 99% linearity), by a linear function as follows 
 
                   (3-3) 
 
The transfer function demonstrates that the sensitivity of the measured output voltage to 
calcium nitrate concentration increases as the concentration is increased.  This is 
because calcium nitrate is a strong electrolyte hence permitting electrostatic interaction 
between the positive ions and the tapered surface. As a result, the power leakage from 
the tapered region to the surrounding is reduced. The refractive indices of the calcium 
nitrate solution concentrations were obtained at 1.3334 – 1.3452 for the 2% - 12% 
calcium nitrate concentrations implying that the output voltage is proportional to the 
refractive indices of a liquid solution which  contradicts with the transmission property 
of multimode fibers developed by Guo & Albin [2003]. 
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Figure 3.8:Output voltage against calcium nitrate concentration. 
Figure 3.9 shows the output voltage from the tapered PMMA fiber against 
sodium chloride concentrations. Similarly, it is found that an increase in sodium 
chloride concentration can be detected by an increase in the output power because the 
sodium chloride solution is also a strong electrolyte where the amount of Na
+ 
ions being 
attracted to the surface of the fibre also increases as the concentration increases. The 
output voltage increases linearly with the concentration with sensitivity of 
0.0023mV/wt.% and a good linearity of more than 99%.  
 
The following transfer function is obtained  
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Figure 3.9:Output voltage against sodium chloride concentrations. 
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similar range of the 2% -12% calcium nitrate solution concentrations. 
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chemical. Therefore, no electrostatic interaction occurs [Ebbing and Gammon, 1999] 
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shows the sensitivity of the glucose sensor is obtained at 0.0013mV/wt.% with a 
y = 0.0023x + 0.1191 
R² = 0.9849 
0.1
0.11
0.12
0.13
0.14
0.15
0 2 4 6 8 10 12 14
O
u
tp
u
t 
V
o
lt
a
g
e 
(m
V
) 
Concentration (%) 
 50 
 
linearity of more than 92% and limit of detection of 0.94%. The following transfer 
function is derived 
 
                   (3-5) 
 
A similar sensor response is also observed for sucrose concentration sensor as 
depicted in Figure 3.11. A linearly inverse relationship is obtained as sucrose is also a 
non-electrolyte. The refractive indices of the sucrose solution concentrations were 
within 1.335 to 1.352 for the increasing sucrose concentrations of 2% to 12% (which 
also falls within the range of the other solutions examined earlier). The sensitivity is 
obtained at 0.0391mV/wt.% with a linearity of more than 98% and limit of detection of 
1.25%. The following transfer function is obtained 
 
                    (3-6) 
 
The data presented in Figures 3.8 – 3.11 give rise to observable trends in sensor 
response relative to ionic properties of a chemical solution. The fact that the slope of the 
sensor response can have either sign for calcium nitrate, sodium chloride, glucose and 
sucrose solutions of similar refractive indices supports the contention that the sensor 
does not sense the refractive indices alone but rather is sensitive to the ionic nature of 
the solute. 
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Figure 3.10:Output voltage against glucose concentrations. 
 
 
Figure 3.11:Output voltage against sucrose concentrations. 
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3.5 Effect of probe arrangement on the performance of the proposed PMMA 
based chemical sensors. 
The effect of the probe arrangement on the performance of chemical sensor is 
investigated in this section. The similar experimental setup as in Figure 3.4 was used to 
observe the sensor response for two electrolyte (namely calcium nitrate and sodium 
chloride) liquid samples of similar refractive indices. In the experiment, the tapered 
fiber diameter is fixed at 0.45 mm. The set-up consists of a light source, an external 
mechanical chopper, a PMMA tapered fiber, a highly sensitive photo-detector, a lock-in 
amplifier and a computer. At first, the PMMA tapered fiber in the Petri dish was 
straightly aligned to the detector to minimize bending losses that may occur in the 
tapered fiber. The tapered fiber which acts as a sensor probe was immersed in both 
solutions at various concentrations ranging from 0 wt.% to 12 wt.%.  The experiment is 
then repeated for other cases where the straight tapered fiber is bent to form a U-shape 
and a knot shape for comparison purposes. During the experiment, the errors caused by 
temperature are taken to be negligible and the temperature is kept constant at 25°C. 
Figure 3.12 shows the output voltage from the tapered PMMA fiber against 
sodium chloride concentrations for 3 different arrangements of probes. As shown in the 
figure, the output voltage increases as the concentration of sodium chloride increases for 
all probes. The highest sensitivity of 0.0022mV/% is obtained for the straight tapered 
fiber with a linearity of more than 99% and limit of detection of 0.96%. The limit of 
detection is calculated by dividing standard deviation with the sensitivity to shows that 
the system is more efficient. It is noted that the straight, u-shape and knot shape of 
PMMA tapered fiber sensor experience an increase in voltage due the number of ions in 
the solution which turns it to be more conductive [Ebbing and Gammon,1999; Guo and 
Albin 2003; Rahman et al., 2011]. The bending effect of fiber induces loss in both the u-
shape and knot shape tapered fiber. The highest loss is obtainable with the knot tapered 
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fiber as more bending loss occurs for this type of configuration [Kude and Khairnar, 
2008; Khijwania and Gupta, 1999; Beres et al., 2011].  
 
Figure 3.12: Output voltage against sodium chloride concentration at various tapered 
fiber arrangements. 
 
The performance of sodium chloride concentration sensor is summarized in 
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For the knot shape tapered fiber, the sensitivity is obtained at 0.001mV/% with a 
linearity of more than 99% for a 1.29% limit of detection and thus it has the following 
transfer function  
y=0.0001x+0.0996                       (3-8) 
Overall, the sensor is observed to be sufficiently stable with a standard deviation of 
1.86% for straight tapered fiber, 1.42% for U-shape tapered fiber and 1.05% for knot-
shape tapered fiber.  
 
Table 3.2:The performance of the tapered plastic fiber sensors with various probe 
arrangements (Sodium Chloride). 
Parameter Straight Bend Knot 
Sensitivity 
(mV/%) 
0.0023 0.0017 0.001 
Linear Range 
(%) 
0 – 12 0 – 12 0 – 12 
Linearity (%) > 99 > 98 > 99 
Standard 
Deviation (mV) 
0.0022 (1.86 %) 0.0017 (1.42 %) 
0.0013 (1.05 
%) 
Limit of 
detection (%) 
0.96 1.00 1.29 
 
Figure 3.13 shows the variation of the transmitted light from the tapered plastic 
fiber against the concentration of calcium nitrate solution for three different tapered 
fiber arrangements; straight, u-shape and knot. As shown in the figure, the output 
voltage from the photo-detector, which is proportional the transmitted light linearly 
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increases as the concentration of the calcium nitrate solution increases for all 
arrangements. It gives a linear increase in output voltage against concentration. The 
sensitivity is obtained at 0.028mV/% and the slope gives a good linearity of more than 
98% for a 1.05% limit of detection for the straight fiber. For the u-shape fiber, the 
sensitivity is obtained at 0.0013mV/% and the slope gives a linearity of more than 96% 
for a 1.30% limit of detection. While for the knot shape fiber, the sensitivity is obtained 
at 0.0016mV/% with a linearity of more than 76% for a 1.07% limit of detection. 
Therefore, the transfer functions for u-shape and knot shape sensors are derived as 
y=0.0013x+0.2608                       (3-9) 
and 
y=0.0016x+0.1975                          (3-10) 
respectively. 
 
Figure 3.13:Output voltage against calcium nitrate concentration at various tapered fiber 
arrangements. 
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The sensor performance at the optimum tapered fiber diameter of 0.45 mm is 
summarized in Table 3.3 for straight, u-shape and knot arrangements respectively. 
Overall, the sensor is observed to be sufficiently stable with a standard deviation of 
0.5% for straight fiber, 0.68% for U-shape fiber and 0.78% for knot arrangements. 
These results show that the proposed sensor is applicable and useful for chemical 
detection especially in the detection of calcium and nitrate ions level. The results also 
show that the dissociation ability of the ions within the test solution plays an important 
role on the output performance. The ability of the sensor to provide a good sensitivity 
without the need of highly sensitive control electronics and its simple setup are 
attractive traits for chemical sensing applications.  
 
Table 3.3:The performance of the tapered plastic fiber sensors with various probe 
arrangements (Calcium Nitrate) 
PROBE/PARAMETER STRAIGHT U-SHAPE KNOT 
Sensitivity 0.0028mV/% 0.0013mV/% 0.0016mV/% 
Linear Range 0-12% 0-12% 0-12% 
Linearity More than 98% More than 96% More than 76% 
Standard Deviation 0.003mV[0.5%] 0.0017[0.68%] 0.0017[0.78%] 
Limit of Detection 1.07% 1.30% 1.07% 
 
The physical configuration of the optical fiber and surface charge interaction 
between fiber and solutions significantly affects the sensitivity of the fiber to evanescent 
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field (Lye et al., 2005). Reduction of the fiber size increases the evanescent field 
penetration of guided modes (Barlett et al., 2000). Fiber made from PMMA will have a 
net negative charge at the surface of the fibre (Lye et al., 2005). This fiber surface 
interacts with the calcium nitrate solution by attracting the positive ions due to 
electrostatic charge interaction. This interaction forms a thin layer which enlarges the 
pathway for signal to pass through. The sensitivity of the fiber is influenced by the 
interaction length, bending effect and electrostatic interaction between different 
concentration of solution and the PMMA (Lye et al., 2005). 
Reversibility of the results is another important factor in the operation of any 
sensor system, so in the next study, this parameter was tested for the reported system. 
The results of the output measurement as a function of concentration were recorded for 
two different runs and the results were compared for both sodium chloride and calcium 
nitrate solution and demonstrated in figures 3.14 and 3.15, respectively. As can be 
noticed from figure 3.14, the maximum difference between the two runs is about 
±0.02mV, which is acceptable for a full-scale output of 0.145mV while from figure 
3.15, the maximum difference between the two runs is about ±0.01mV, which is 
acceptable for a full-scale output of 0.688mV. 
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Figure 3.14:The reversibility of the results obtained for two different runs (Sodium 
Chloride Solution) 
 
Figure 3.15:The reversibility of the results obtained for two different runs (Calcium 
Nitrate Solution) 
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3.6 Summary 
The fabrications of tapered PMMA fibers were firstly demonstrated based on the 
heat-and-pull technique and chemical etching technique. The sensors were demonstrated 
to measure the refractive index of the external liquid using a probe, which is obtained on 
the two techniques. It is found that chemical-etched taper provides better performance 
compared to heat pulling method. The repeatability of the etching process in terms of 
taper diameter and its superior sensitivity has led to its further use in several set-ups as 
evanescent field sensors. Various evanescent field absorption sensors are developed for 
various electrolyte and nonelectrolyte solutions using the PMMA tapered fiber probe. 
The results show that the dissociation ability of the ions within the test solution plays an 
important role on the output performance. The sensitivity of the fibers to a liquid 
analyte is influenced by the polarity of the electrolyte owing to electrostatic interactions 
between the ions within the electrolyte and the negative surface charge residing on the 
surface of the fiber core. 
The reduction of the fiber size increases the evanescent field penetration of 
guided modes [Barlett et al., 2000]. Fiber made from PMMA have a net negative charge 
at the surface of the fiber [Lye at al., 2005]. The fiber interact with electrolyte to attract 
the positive ions due to electrostatic charge and form a thin layer which enlarge the 
pathway for signal to pass through. The sensitivity of fiber is influenced by the taper 
diameter, bending effect and electrostatic interaction between different concentration of 
solution and the PMMA. The highest sensitivity was obtained for the straight tapered 
fiber. 
Therefore, the proposed sensor provides numerous advantages such as simplicity 
of design, low cost of production, higher mechanical strength and easier to handle 
compared to silica fiber optic.  The effect of chemical etching, size of fiber for better 
sensitivity, bending effect and refractive index of the solvent on the sensitivity of the 
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sensor were reported successfully. Results shows that tapered fiber enable to increase 
the conductance of fiber and applicable as a chemical sensors. 
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Chapter 4 
Analysis of Multimode Tapered PMMA Fiber Sensors for  
Uric Acid Detection 
 
4.1  Introduction 
Optical fibers are currently abundantly available for various applications ranging 
from transmission medium, which covering a wide spectral range and sensors. The fiber 
sensor researches are focusing in many new areas such as gases and vapors sensing, 
medical and chemical analysis, molecular biotechnology, marine and environmental 
analysis industrial production monitoring, bioprocess control, salinity and the 
automotive industry [Guo and Albin, 2003; Wolfbeis, 2004; Golnabi et al., 2007; Kude 
and Khairnar, 2008; Rahman et al., 2011. As discussed in earlier chapters, tapered 
optical fibers attract many interests especially for sensing applications. This is due to a 
higher portion of evanescent field travels inside the cladding in the tapered fiber and 
thus the travelling wave characteristics become more sensitive to the physical ambience 
of its surrounding [Rahman et al., 2011]. The interest on tapered multimode fiber is also 
increased since it is mechanically stronger and also easier to manufacture compared to 
that of single mode one.  Therefore, it was demonstrated previously as a chemical 
sensor with a simple setup [Guo and Albin, 2003].  
Optical fiber consists of a cylindrical core and surrounded with cladding. The 
core is generally doped to make its refractive index slightly higher than the refractive 
index of cladding. This resulted in light propagating with total internal reflection (TIR) 
consisting two components: the guided field in the core and the exponentially decaying 
evanescent field in the cladding. In a uniform-diameter fiber, the evanescent wave field 
decays to almost zero within the cladding. Therefore the lights do not interact with the 
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surroundings. If the cladding of the fiber is reduced or removed, the evanescent field 
can interact with the surroundings [Leung, Shankar, and Mutharasan, 2007].  
If the cladding of the fiber is removed, the optical output of the fiber is then a 
measure of the changes in magnitude of the evanescent field. Tapering will not only 
exposes the evanescent field to the surrounding but also increases the evanescent field 
magnitude and penetration depth [Leung, Shankar, and Mutharasan, 2007]. Taper 
sensitivity depends on the mode coupling, which can be modified when depositing new 
layers of material or sensitive material onto the fiber. At the same time, fiber optic RI 
sensors have been widely researched in the field of chemical sensor and biosensor 
[Zhao et al., 2013]. Refractive index sensing stands as one of the most important 
techniques in the development of highly sensitive sensors which is immune to external 
electromagnetic interference [Guzman-Sepulveda et al., 2013].  
 Plastic Optical fiber (POF) offers some advantages such as ease of handling, 
flexibility, low cost test equipment, visible wavelength operating range and high 
numerical aperture. Even though POF fiber causes higher loss when compared to Glass 
optical Fiber (GOF) in tranmission, the effect can be beneficial in design of the fiber 
sensors. POFs operate successfully at wavelengths 650 to 1300nm with the light sources 
developed for 650nm [Golnabi and Azimi, 2007; Bilro et al., 2012].  
 Apart of that, researchers evaluate the performance of the proposed sensor with 
various sensitive coating materials on tapered fiber and analyze how it can enhance the 
performance of the sensor.  Sometimes the fiber itself can play an active role by acting 
as a sensor when the cladding is replaced with chemical sensitive material [Bilro et al., 
2012]. In a work reported by Nagata et. al. [2007], the new deposited cladding had a 
refractive index slightly above the refractive index of the core and in the presence of 
detection medium, the refractive index decrease to values below the core. The changes 
in refractive indices cause an enhancement in the power output of the system.  
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 In the work presented here, a new choice of refractive index sensor which 
featuring several advantages and potential, is demonstrated. It is based on a simple 
intensity modulated fiber optic sensor using tapered PMMA plastic fibers with sensitive 
coating materials as a probe. Here, the sensitivity tapered fibers coated with graphene, 
single walled carbon nanotube and zinc oxide were investigated.  
Variations of refractive index were achieved through the use of different 
concentration of uric acid solution. Subsequent performance analysis allows the 
identification of the experimental dependence of the surrounding refractive index 
sensitivity on the three different sensitive coating materials. 
 
4.2  Uric Acid 
Uric acid is a metabolite of purines, nucleic acids and nucleoproteins which is 
found in biological fluids, mainly blood, urine or serum and is excreted by the human 
body. High level of serum uric acid is also considered as a risk factor for myocardial 
infarction and stroke (Ivekovic et al., 2012). In order to avoid diseases like gout, renal 
failure, hyperuricaemia, Lesh-nyhan, physiological disorder and Wilson‟s disorder, the 
monitoring of uric acid is essential (Minas et al., 2004). Therefore, the need for uric acid 
biosensors is tremendously increasing (Hoshi, Saiki and Anzai, 2003; Zhao et al., 2009; 
Ali et al., 2012; Liao et al., 2006).  
Several uric acid detection techniques such as Amperometric principles, 
Potentiometer, zinc oxide (ZnO) nanowires, nanotubes and nonporous material have 
attracted great interest to researchers. Amperometric biosensor used for the detection of 
oxygen consumption, chemiluminescense and fluoride ions where in practice, this 
detection method requires the electrode to be held at approximately 0.7V where 
biological electro active molecules react with the surface of the electrode. On the other 
hand, potentiometer based on ZnO nanoflakes and immobilized uricase can reduce the 
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interferences but a limitation of ion sensitive electrodes (ISEs) which can only detect 
charged molecules (Ali et al., 2012). ZnO have unique advantages in combination with 
immobilized enzymes and can enhance the direct electron transfer between the 
enzyme‟s active sites and the electrons (Ali et al., 2012).  ZnO nanowires grown on the 
surface of gold coated flexible plastic substrate results as good uric acid biosensor. 
However, the cost for the fabrication of ZnO nanowires grown on the surface of gold 
coated is high and researchers are looking forward to reduce it.  
Therefore, ongoing researches are focusing on coating methods considering easy 
fabrication and cost effectiveness.  
 
4.3 Tapered fiber coated with Sensitive Materials  
Tapered plastic optical fibers have been used as transducers in order to get 
coated by these sensitive Nano films for their use in sensing applications. The linear 
type of tapered plastic fiber are a simple device and very sensitive to changes of the 
surrounding refractive index. As a fiber is tapered, the core/cladding is redefined in such 
a way that the single mode fiber in the central region of the taper acts as a multimode 
fiber and the light becomes guided through the cladding of the fiber, which plays the 
role of the new core and the new cladding is the external medium [Corres, Arregui and 
Matías, 2007]. The shape that the fiber acquires after the tapering process, which 
depends on the method employed in its fabrication, has a high impact on the light 
transmission properties [Corres, Arregui and Matías, 2007]. This chapter focuses on 
developing a low cost uric acid sensor using a tapered POF coated with sensitive 
material. Three different materials; graphene, carbon nanotubes and ZnO were explored 
for use as the sensitive material. 
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4.3.1  Graphene  
 Graphene is a unique nanostructure material with high surface area, excellent 
electrical conductivity and electron mobility (Geim and Novoselov, 2007; Novosolev et 
al., 2004, Stankovich et al., 2006; Kang et al., 2009). As a high conductivity carbon 
material, graphene has attracted increasing attention for applications in optoelectronic 
devices, super-capacitors, sensors and nanocomposite applications (Wang, Zhi and 
Mullen, 2008; Vivekchand et al., 2008; Ao, Yang and Liang, 2008; Leenaerts, Partoens 
and Peeters, 2008; Schedin et al., 2007, Ang et al., 2008; Lian et al., 2010, Li et al., 
2010; Shen et. al., 2010). The excellent conductivity due to small gap is favourable for 
conducting bio-molecules electrons (Stankovich et al., 2006; Kang et al., 2009). 
Furthermore graphene based biosensors are sensitive with low electronic noise from 
thermal effect (Kang et al., 2009; Wang, Zhi and Mullen, 2008; Vivekchand et al., 
2008; Ao, Yang and Liang, 2008). In addition to that, graphene is easily obtained by 
chemical conversion of the inexpensive graphite when compared to the production of 
CNT (Kang et al., 2009; Xu and Saeys, 2008). 
4.3.2 Carbon Nanotubes (CNT) 
The discovery of carbon nanotubes (CNTs) (Ijima, 1991) has generated great 
interest among researchers to develop high performance devices. The ongoing 
exploration on electrical, physical, chemical and mechanical properties contributes a 
wide range of applications such as nanoelectronics, sensors, field emission and 
electrodes. The electrical properties of CNTs are extremely sensitive to charge transfer 
and chemical doping effects by various molecules. Either electron-withdrawing 
molecules or electron-donating molecules will interact with the p-type semiconducting 
CNTs. This will change the density of the main charge carriers in the „bulk‟ of the 
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nanotube and changes the conductance of CNTs. This is where CNTs is applicable as 
electrical chemical sensors (Zhang et al., 2008).  
Recently, the potential of carbon nanotubes (CNTs) as sensing elements and 
tools for biomolecular analysis as well as sensors for gases and small molecules have 
been demonstrated (Li and Ng, 2003). CNTs integrated with biological functionalities 
are expected to have great potential in biomedical applications due to their unique one-
dimensional quantum wires with high surface-to-volume ratio. Their electronics 
properties are very sensitive to molecular absorption and it is expected that the CNTs 
sensing elements will be affected if coupled with biomolecules which is high ions 
carrier (Star et al., 2003; Li et al., 2003). To date, CNTs have been utilized in biosensors 
in many forms such as probes (Woolley et al., 2000; Vo=Dinh et al., 2000), filed- 
effect-transistor using a single semiconducting CNTs (Bradley et al., 2003; Star et al., 
2003; Li et al., 2003), a random CNT network (Koehne et al., 2003; Koehne et al., 
2004) and nanoelectrode array  (Guiseppi,-Elie, Lei and Baughman, 2002; Azamian et 
al., 2002; Musameh et al., 2002).  
4.3.3 Zinc Oxide (ZnO)  
ZnO nanoparticles are extremely important materials in a broad range of high-
technology applications. It is widely explored for the uses of field-effect transistor, 
light-emitting diode, ultraviolet laser, biological detector and solar cells [Liu et al., 
2012]. Various fabrication techniques for growing ZnO nanorods includes vapor 
transport, physical vapor deposition and chemical vapor deposition which require a 
relatively high temperature during the synthesis procedure [Liu et al.,2012]. Since ZnO 
is a high refractive-index material to fiber, the structure allows fiber-guided light couple 
into ZnO nanorod waveguides [Voss et al., 2007]. The well-arrayed nanorods are very 
favorable for sensing applications as it has large surface to volume ratio [Liu et 
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al.,2012] and optical coupling between the fiber and nanorods are potentially promising 
for various novel optical sensing applications.  
A wide variety of nanostructures such as zinc oxide (ZnO) nanowires, nanotubes 
and nonporous material have also attracted great interest to researchers due to its unique 
advantages in combination with immobilized enzymes and can enhance the direct 
electron transfer between the enzyme‟s active sites and the electrons [Ali et al., 2012]. 
Nanostructures have the advantage of a high surface area, and electronic processes are 
strongly influenced by surface processes. ZnO nanostructures have been widely used for 
sensing applications because of their high sensitivity to the chemical environment 
[Schmidt.M. & MacManus.D., 2007]. For instance, ZnO nanowires grown on the 
surface of gold coated flexible plastic substrate results as good uric acid biosensor 
[Usman Ali et al., 2011]. Furthermore, ZnO nanowires have demonstrated high 
sensitivity even at room temperature [Schmidt.M. & MacManus.D., 2007].  
 
4.4 Sensing of Uric Acid with Tapered Plastic Fiber coated with Graphene 
In preparing a graphene polymer composite, the first step is to produce graphene 
flakes using the electrochemical exfoliation process. A constant voltage difference of 
20V is applied to two electrodes (graphite rods) placed 1 cm apart in an electrolysis cell 
filled with electrolyte (1% sodium dodecyl sulfate (SDS) in deionized water). During 
the electrochemical exfoliation process, hydroxyl and oxygen radicals were released due 
to electrolysis of the water at the electrode. Then oxygen radicals start to corrode the 
graphite anode. This was followed by the intercalation of anionic surfactant and finally 
graphene sheets were formed in the solution. In our work, black sediments (graphene) 
start to peel off from the anode after several minutes. The exfoliation process was 
extended for another 2 h to obtain a stable graphene suspension in the SDS solution. The 
stable graphene suspension is centrifuged at 3000 rpm for 30 min to remove large 
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agglomerates. Afterward, the supernatant portion of the suspension was decanted. The 
concentration of the centrifuged graphene was estimated from the weight of the 
suspension used. To fabricate the composite, 1 g of polyethylene oxide (PEO) (Mw = 1 
000 000 gmol-1) was dissolved in 120 ml of deionized water. The graphene solution 
obtained from the electrochemical exfoliation was then mixed with PEO solution at 
various ratios; 2:20, 4:20 and 6:20 of graphene : PEO in ml respectively. Figure 4.1 (a) 
shows the photographic image of the prepared graphene polymer composite while 
figures 4.1 (b), (c) and (d) show the microscopic images (x100) of graphene polymer 
composite deposited on glass slides (scale: 200μm)  for mixing ratios of 2:20, 4:20 and 
6:20 respectively. 
The tapered POF was then prepared based on chemical etching technique using 
acetone, de-ionized water and sand paper as discussed in Chapter 3. This process uses 
tapered fiber with the waist diameter of 0.45 mm and a total length of the tapered 
section is 10 mm. The tapered POF fiber is cleansed again using de-ionized water. 
Figures 4.2 (a) and (b) show the microscopic images of the original un-tapered, tapered 
POF, which have a cladding diameter of 1 mm and 0.45 mm respectively. Figure 4.2 (c) 
shows the tapered fiber coated with graphene polymer composite with ratio of 6:20. The 
image shows the presence of a layer of graphene polymer composite on the waist of the 
tapered fibre. 
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(a)                              (b)                                    (c)                                   (d) 
Figure 4.1:Photographic image of (a) solutions of graphene polymer composite at ratios 
of 2:20, 4:20 and 6:20  and microscope images of graphene polymer composite at 
mixing ratios of (b) 2:20   (c) 4:20 and  (d) 6:20 (scale: 200μm). 
 
(a)                                             (b)                                             (c) 
Figure 4.2:Microscopic images of (a) un-tapered POF (with diameter of 1 mm), (b) 
Tapered POF (with diameter of 0.45 mm) and (c) Tapered POF coated with graphene 
polymer composite with ratio of 6:20 (scale: 200μm). 
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4.4.1 Experiment Setup 
Figure 4.3 shows the experimental setup for the proposed sensor to detect 
different uric acid concentration using the tapered POF coated with the composite of 
different graphene / PVA ratios; 2:20, 4:20, 6:20 as a sensing medium. The setup 
consists of a light source, an external mechanical chopper, the sensor probe, a highly 
sensitive photo-detector, a lock-in amplifier and a computer. The input and output ports 
of the tapered POF were connected to the laser source and photo-detector, respectively. 
The light source used in this experiment is a He-Ne laser operating at a wavelength of 
633 nm with an average output power of 5.5 mW. It was chopped at a frequency of 113 
Hz by a mechanical chopper to avoid the harmonics from the line frequency which is 
about 50 to 60 Hz. The 113Hz frequency was chosen as an odd number to prevent 
multiplication of 50 and 60 Hz besides it is an acceptable value of output and stability. 
The light source was launched into the tapered POF placed in a Petri dish filled with the 
uric acid solution. The output light were sent into the silicon photo-detector (818 SL, 
Newport) and the electrical signal was fed into the lock-in amplifier (SR-510, Stanford 
Research System) together with the reference signal of the mechanical chopper. The 
output result from the lock-in amplifier was connected to a computer through an RS232 
port interface and the signal was processed using Delphi software. The reference signal 
from the chopper was matched with the input electrical signal from the photo-diode. 
This allows a very sensitive detection system that will remove the noise generated by 
the laser source, photo-detector and the electrical amplifier in the photo-detector. In the 
experiment, the performance of the proposed sensor was investigated for various uric 
acid concentrations. During the experiment, the errors caused by temperature were 
considered negligible and the temperature was kept constant at 25°C. 
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Figure 4.3: Experimental setup for the proposed relative humidity sensor using a tapered 
POF without and with HEC/PVDF composite. 
4.4.2 Performance of the sensors 
 
Figure 4.4 shows the refractive index of the uric acid solution (as measured by 
using METTLER Toledo RE40D refractometer) against the uric acid concentration. As 
the concentration of uric acid increases from 0 ppm to 500 ppm, the refractive index of 
the solution also increases from 1.3330 to 1.3336. The refractive index of graphene 
polymer composite used in this experiment was also measured using the same 
refractometer and the measured value was obtained at 1.3342, which is slightly higher 
than refractive index of water (1.3330). The digital refractometer can measure the 
refractive index and other related parameters with high precision within a short time. 
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Figure 4.4: Refractive index against uric acid solution concentrations. 
 
Figure 4.5 shows the variation of the transmitted light from the tapered POF 
with concentrations of uric acid solution for the probe with various graphene polymer 
coating ratios of 2:20, 4:20 and 6:20. The result obtained by the probe without coating is 
also given for comparison purpose. It is observed that the transmitted light intensity 
improves with the graphene coating. This is attributed to the difference in refractive 
index between the core and cladding (graphene with RI = 1.3342) becomes smaller and 
thus improves the light confinement inside the core. As shown in the figure, the output 
voltage from the photo-detector, which corresponds to the transmitted light intensity, 
linearly increases with the concentration of the uric acid solution.  
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Figure 4.5: The output voltage against uric acid concentrations for the proposed tapered 
POF based sensor without and with graphene polymer composite of 2:20, 4:20 and 6:20. 
 
The transfer function for the output voltage versus concentration of uric acid 
with different refractive index is obtained as follows for graphene polymer coating 
ratios of 2:20, 4:20 and 6:20 respectively. 
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The fiber without the graphene coating has lowest sensitivity of 0.0003mV/ ppm 
with a slope linearity of more than 97.65%. On the other side, the transmitted light 
intensity is observed to be highest with graphene polymer coating of 6:20 since the 
graphene concentration is the highest. Compared to the sensor configured without the 
coating, the proposed sensor produces a better sensitivity of 0.0021mV/ppm with a 
better slope linearity of more than 98.88%. The response time of the sensor is taken for 
100 seconds with and the sample size for standard deviation is 100.  The average 
standard of deviation is divided with sensitivity to calculate the limit of detection.  The 
limit of detection for fiber without graphene polymer is 96.67 ppm whereas for fiber 
with graphene polymer coating of 6:20 is 7.61ppm. The limit of detection is lower 
compared to the uncoated fiber, which indicates that the system is more efficient. It is 
found that as the concentration of graphene increases, the sensitivity and linearity of the 
sensor also increases. The electrical properties of graphene are extremely sensitive to 
charge transfer and chemical doping effects by various molecules. Either electron-
withdrawing molecules or electron-donating molecules will interact with graphene. This 
will change the density of the main charge carriers in the graphene and changes its 
conductance [Barlett et al., 2000; Dong et al., 2012; Lian et al., 2012]. 
Since the cladding area of the tapered POF has been reduced, the surrounding 
medium works as passive cladding and its refractive index can influence the amount of 
power loss as the signal propagates through the tapered region. The reduction of the 
fiber size increases the evanescent field penetration of guided modes [Liu et al., 2008; 
Beres et al., 2010]. When immersing the tapered fiber into the uric acid solutions with 
various concentrations ranging from 0 ppm to 500 ppm, the effective refractive index of 
the surrounding medium increases since the refractive index of uric acid is larger than 
water (1.333). Since the refractive index of the composite increases as the concentration 
increases, the core and cladding index difference for the proposed sensor drops with the 
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increment of the concentration of the acid [Rahman et al., 2011]. Therefore, we observe 
less leakage from the light that propagates inside the tapered region to the surrounding, 
which results in the output voltage increasing. Thus, when the concentration of uric acid 
solution increases, the output voltage also increases for both cases of the POF with and 
without graphene coating. However, the experimental results also indicate that the 
sensitivity of the tapered POF is enhanced when coated as the transmitted light intensity 
is higher. The reason is because the polymer composite has a much higher refractive 
index compared to water solution. When coated with graphene polymer composite, the 
effective cladding refractive index of the POF increases and thus more light is allowed 
to be transmitted. In addition, the proposed sensor provides numerous advantages such 
as simplicity of design, low cost of production, higher mechanical strength and easier to 
handle compared to silica fiber optic [Barlett et al., 2000]. In addition to that, as 
mentioned in chapter 3, the electrical properties of graphene are extremely sensitive to 
charge transfer and chemical doping effects by various molecules. Either electron-
withdrawing molecules or electron-donating molecules will interact and change the 
density of the main charge carriers and changes the conductance of graphene. This is 
where graphene is applicable as electrical chemical sensors. 
Reversibility of the results is another important factor in the operation of any 
sensor system, so in the next study, this parameter is tested for the reported system. The 
results of the output measurement as a function of concentration are recorded for two 
different runs and the results are compared. As can be noticed from Figure 4.6, the 
maximum difference between the two runs is about ±0.13 mV, which is acceptable for a 
full-scale output of  4.36mV.  
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Figure 4.6: The reversibility of the results obtained for two different runs (Output 
voltage against the concentration of Uric Acid). 
 
 The performance characteristic of the proposed sensor is summarized in Table 
4.1. Overall, the sensor was observed to be sufficiently stable with standard deviations 
of 0.029 mV and 0.0.016 mV for POF probe without and with graphene polymer 
composite coating as recorded for duration of 100 second. Throughout the experiment, a 
fix quantity of liquid solution was placed in the petri dish and the corresponding output 
voltage was measured by a lock-in amplifier which provided accurate measurements 
even though the signal was relatively very small compared to noise. Furthermore, a 
well-regulated power supply is used for the red He-Ne laser and this minimizes the 
fluctuation of source intensity. These results show that the proposed sensor is applicable 
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and useful for the detection of uric acid. The sensor also has the ability to provide real 
time measurement. 
 
Table 4.1:The performance of the proposed Uric Acid Detection Sensor 
Performances 
 
Bare Fiber 
 
 
Coated Fiber 
(Graphene 6:20) 
Sensitivity 0.0003mV/ppm 0.0021mV/ppm 
Linearity 97.65% 98.88% 
Standard deviation 0.029mV 0.016mV 
Limit Of Detection 96.67ppm 7.61ppm 
.  
 
4.5 Sensing of Uric Acid with Tapered POF coated with SWCNT 
A homogeneous solution was prepared by mixing SWCNTs (99% pure, 
diameter of 1-2nm and length of 3-30 µm) with SDS solvent (average molecular weight 
of 288.38 g/mol) and then ultrasonicating it for 30 minutes at 50 W.  The solution was 
centrifuged at 1000 rpm to remove large particles of undispersed SWCNTs to obtain 
dispersed suspension that is stable for weeks. PEO solution was then prepared by 
disolving 1 g of PEO with an average molecular weight of 1 x 10
6
 g/mol in 120 ml of 
deionized water.  An SWCNT-PEO composite was fabricated by using a solution 
casting method, whereby the SWCNT solution with concentration of 18 wt. % was 
mixed with the PEO solution. The function of the PEO is to bind the SWCNT for easier 
handling because it hard to obtain a pristine SWCNT.   
 78 
 
The tapered POF was then prepared based on chemical etching technique using 
acetone, de-ionized water and sand paper as discussed in Chapter 3. The tapered fiber 
has a stripped region waist diameter of 0.45mm and both ends of the POF were held and 
straightened onto translation stages to deposit the SWCNTs onto the tapered fiber. In 
the process, the prepared PEO/SWCNT polymer composite solution was slowly 
dropped onto the tapered region of the fiber using syringe as shown in Figure 4.7. The 
refractive index of PEO/SWCNT polymer composite used in this experiment was also 
measured using the same refractometer and the measured value was obtained at 1.3337, 
which is slightly higher than refractive index of water (1.3330). 
Figures 4.8 (a) and (b) show the microscope images of the original un-tapered 
and tapered POF, which have a cladding diameter of 1 mm and 0.45 mm respectively. 
Figure 4.8 (c) shows the tapered fiber with SWCNT-PEO composite.  
 
 
 
Figure 4.7: The deposition of SWCNT-PEO composite onto the cladding surface of the 
tapered POF. 
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(a)                                          (b)                                           (c) 
Figure 4.8:Microscope images of (a) un-tapered POF (with diameter of 1 mm), (b) 
Tapered POF (with diameter of 0.45 mm) and (c) Tapered POF with SWCNT-PEO 
composite 
 
The sensor experiment was carried out using a similar setup of Figure 4.3. In the 
experiment, the transmitted output voltage is measured for different uric acid 
concentrations using the fabricated tapered POF coated with SWCNT-PEO composite 
as a probe. Figure 4.9 shows the variation of the transmitted light from the tapered POF 
against the concentration of uric acid solution with and without SWCNT-PEO 
composite deposited onto the tapered region. The transmitted light intensity is observed 
to be higher with SWCNT-PEO composite coating since the coating has a much higher 
refractive index compared to water solution. With the composite, the effective cladding 
refractive index increases and thus more light is allowed to be transmitted from the 
tapered POF. As shown in the figure, the output voltage from the photo-detector, which 
corresponds to the transmitted light intensity linearly increases as the concentration of 
the uric acid solution increases. Without the composite, the sensitivity of the sensor is 
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obtained at 0.0003 mV/ % with a slope linearity of more than 97.6% and limit of 
detection of 9.67 ppm.  
 
Figure 4.9: Output voltage against uric acid concentrations for the proposed tapered 
POF based sensor with and without SWCNT-PEO composite.  
 
 The transfer function for the output voltage versus concentration of uric acid 
with different refractive index is obtained as follows: 
 
    y=0.0023x+6.1243     (4-5) 
  
without the SWCNT coating, the following transfer function was 
 
    y=0.0003x+1.1286     (4.6) 
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This result shows that the sensor with SWCNT-PEO composite coating performs 
better than that of without the coating. It produces a sensitivity of 0.0023 mV/% with a 
slope linearity of more than 98.6 % and a limit of detection of 6.95 ppm. 
 Since the diameter of the cladding of the tapered POF has been reduced, the 
refractive index of the surrounding medium works as passive cladding and influenced 
the amount of power loss as the signal propagates through the tapered region. When 
immersing the tapered fiber into the uric acid solutions with various concentrations 
ranging from 0 ppm to 500 ppm, the index of the surrounding medium increases since 
the refractive index of uric acid is larger than water. Since, the refractive index of the 
composite increases as the concentration increases as depicted in Figure 4.4, the core 
and cladding index difference for the proposed sensor reduces with the increment of 
concentration. Therefore, less light that propagating inside the tapered region leaks to 
the surrounding, which resulted in the output voltage increment [Bradley et al., 2003]. 
In addition to that, CNTs are extremely sensitive to charge transfer and chemical doping 
effects by various molecules. Either electron-withdrawing molecules or electron-
donating molecules will interact with the p-type semiconducting CNTs. This will 
change the density of the main charge carriers in the „bulk‟ of the nanotube and changes 
the conductance of CNTs. This is where CNTs is applicable as electrical chemical 
sensors. 
The performance characteristic of the proposed sensor is summarized in Table 
4.2. Overall, the sensor is observed to be sufficiently stable with standard deviations of 
2.9% and 1.6% for POF probe without and with SWCNT-PEO composite as being 
recorded for the time duration of 100 second. The lower standard of deviation and limit 
of detection of the POF probe with SWCNT-PEO composite indicates that the sensor 
stable and efficient. Throughout the experiment, the lock-in amplifier provides accurate 
measurements even though the signal is relatively very small compared to noise. 
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Furthermore, a well-regulated power supply is used for the red He-Ne laser and this 
minimizes the fluctuation of source intensity. These results show that the proposed 
sensor is applicable and useful for the detection of bimolecular concentration such as 
uric acid. The sensor also has the ability to provide real time measurement.  
 
Table 4.2:The performance of the proposed uric acid detection sensor. 
Performances 
Without 
SWCNT-PEO 
With  
SWCNT-PEO 
Sensitivity 0.0003 mV/ppm 0.0023 mV/ppm 
Linearity 97.6 % 98.6 % 
Standard deviation 0.029mV 0.016mV 
Limit of detection 96.67 ppm 6.95 ppm 
 
 
4.6 Sensing of Uric Acid with Tapered Plastic Fiber coated with Zinc Oxide 
(ZnO) 
This section describes another approach for uric acid concentration measurement 
using ZnO nanostructure as a sensing medium. The tapered PMMA POF prepared based 
on chemical etching technique with a stripped region waist diameter of 0.45 mm were 
cleansed again using de-ionized water before the coating process. These samples were 
then coated with seeding and non-seeding ZnO nanostructures.  
The preparation for ZnO nanostructures on the fiber consists of two primary 
steps: First, the seed layer to grow the ZnO nanostructures on the fiber was developed 
using a simple manual dip coating technique. The seeded solution was prepared using 
zinc acetate dehydrate (Zn(CH3COO)2·2H2O) as a precursor dissolved in isopropanol 
with molarity of 0.025 M. The solution was stirred at 60° C for 2 hours in ambient to 
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yield a clear and homogenous solution. Then, the solution was cooled down to room 
temperature for the coating process. The fiber was manually dipped into the seeding 
solution and was dried at 50° C to evaporate the solvent and to remove the organic 
residuals. This coating and drying method was repeated for 5 times to increase the 
thickness of the fibers.  
Following this, another solution was prepared to grow ZnO nanostructures on 
the bare tapered fiber and ZnO seeded tapered fiber. This was done by dissolving 0.01M 
zinc nitrate hexahydrate (Zn(NO3)2.6H2O and 0.01M hexamethylenetetramine (HMTA) 
in 100ml deionized water. The deposition process of ZnO nanorods on the fibers was 
performed using sol-gel immersion method by suspending the bare and seeded-ZnO 
fibers in the growth solution at 60°C for 15 hours.  
Figures 4.10 (a) and (b) shows the field emission scanning electron microscopy 
(FESEM) images of the ZnO nanostructures grown on the seeded and non-seeded 
tapered fibers, respectively. It is observed than ZnO deposited on seeded tapered fiber 
showed well defined nanorods structures (Figure 4.10 (a)) when compared to the non-
seeded sample (Figure 4.10 (b)). Evidently seeding the tapered fiber with ZnO 
nanoparticles as seeds has enhanced the growth of nanorods. In the non-seeded sample, 
the morphology of the ZnO layer was unstructured suggesting the growth of layers 
comprising of nanoparticles.  
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(a) 
 
(b) 
Figure 4.10:FESEM images of the ZnO nanostructures grown on (a) seeded tapered 
fiber and (b). 
 
The experimental arrangement for the proposed biosensor to measure uric acid 
concentration using the fabricated tapered POF with ZnO nanostructures is similar with 
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Figure 4.3. Figure 4.11 shows the variation of the transmitted light from the tapered 
POF coated with ZnO nanostructures against the concentration of uric acid solution. As 
shown in the figure, the output voltage from the photo-detector, which corresponds to 
the transmitted light intensity linearly, increases as the concentration of uric acid 
solution increases. The sensitivity of tapered POF with seeded ZnO is 0.0025mV/ppm 
with a slope linearity of more than 98.28% and limit of detection of 5.6ppm. The 
transfer functions for the output voltage versus concentration of uric acid variation are: 
                   (4-7) 
  
and  
 
                   (4.8) 
 
with the use of probe with seeded and non-seeded tapered fiber respectively. 
 
 It is found that the sensitivity of the tapered POF with non-seeded ZnO is 0.0009 
mV/ ppm with a slope linearity of 98.19 % and limit of detection of 18.9 ppm. In 
general, various chemicals can be classified as electrolytes and non-electrolytes 
depending on the dissociation of their ions in solutions [Ebbing & Gammon, 1999]. In 
case of uric acid, it is considered as an electrolyte since it contains of free ions that make the 
substance electrically conductive. The tapered POF coated with ZnO nanostructures 
interact with uric acid due to strong electrostatic interaction and response with the 
increasing concentration [Usman Ali et al., 2011]. However the seeded ZnO 
nanostructure could significantly enhance the transmission of the sensor that is 
immersed in solutions of higher concentration. These results show that the proposed 
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sensor is applicable and useful for the detection of biomolecular concentration such as 
uric acid. 
 
 
Figure 4.11:Output voltage against uric acid concentrations for the proposed tapered 
POF with ZnO nanostructure.  
 
Reversibility of the results is another important factor in the operation of any 
sensor system, so in the next study, this parameter is tested for the reported system. The 
results of the output measurement as a function of concentration are recorded for two 
different runs and the results are compared. As can be noticed from Figure 4.12, the 
maximum difference between the two runs is about ±0.05mV, which is acceptable for a 
full-scale output of  7.15mV.  
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Figure 4.12:The reversibility of the results obtained for two different runs 
(Concentration of Uric Acid). 
 
The performance characteristic of the proposed sensor is summarized in Table 
4.3. Overall, the sensor is observed to be sufficiently stable with standard deviations of 
0.017mV and 0.014mV for tapered POF coated with ZnO nanostructures tested on uric 
acid with different concentration as being recorded for the time duration of 100 second 
for non seeded and seeded respectively. This result show that the proposed sensor 
coated with ZnO nanostructures grown on seeded fiber is suitable and showed better 
performance in measuring uric acid because the lower value for stability shows that the 
system is more stable. The limit of detection is lower compared to indicate that the 
system is more efficient. 
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Table 4.3:The performance of the proposed uric acid detection sensor. 
Performances 
 
ZnO Coating 
 
ZnO Grown 
 
Sensitivity 0.0009 mV/ppm 0.0025 mV/ppm 
Linearity 98.19 % 98.28 % 
Standard deviation 0.017mV 0.014mV 
Limit of detection 18.9 ppm 5.6 ppm 
 
 
4.7 Summary 
 
The tapered fiber with sensitive coating materials such as graphene, single 
walled carbon nanotube and zinc oxide were successfully demonstrated as a sensor to 
detect uric acid concentration. The sensor is based on an intensity modulation technique, 
which employs tapered PMMA fiber coated with sensitive coating materials. Variations 
of refractive index were achieved through the use of different concentration of uric acid 
solution. Subsequent performance analysis allows the identification of the experimental 
dependence of the surrounding refractive index sensitivity on the three different 
sensitive coating materials. It is observed that the transmitted light intensity improves 
with the sensitive material coating. The fiber itself can play an active role by acting as a 
sensor when the cladding is replaced with chemical sensitive material. Since the 
cladding area of the tapered POF has been removed, the sensitive material works as 
passive cladding and its refractive index can influence the amount of power loss as the 
signal propagates through the tapered region. This is attributed to the difference in 
refractive index between the core and cladding that influences the amount of light 
confinement inside the core.  
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The lower standard of deviation and limit of detection of the POF probe with 
sensitive materials indicates that the sensors stable and efficient. Throughout the 
experiment, the lock-in amplifier provides accurate measurements even though the 
signal is relatively very small compared to noise. Furthermore, a well-regulated power 
supply is used for the red He-Ne laser and this minimizes the fluctuation of source 
intensity. These results show that the proposed sensor is applicable and useful for the 
detection of biomolecular concentration such as uric acid. This shows that the sensitive 
coating materials have successfully enhanced the performance of the fiber sensor. 
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Chapter 5 
Multimode Tapered PMMA Fiber Sensors for  
Relative Humidity Measurement 
 
5.1  Introduction 
Plastic optical fibers (POFs) have received wide attention in constructing various 
optical sensor devices due to many advantages as discussed in chapter 3 and 4. To 
widen the range of applications, the development of functional POF in humidity sensing 
is investigated. In a similar way to temperature, strain or pressure for example, humidity 
(or moisture content) constitutes one of the most commonly required physical quantities 
[Yeo, Sun, & Grattan, 2008; Gopel et al., 2008]. The term humidity refers to the 
presence of water in gaseous form but it is often used to refer to expressions which are 
related to water vapour characteristics and in the field of measurement, there are various 
terms associated with such water vapour measurements [Yeo, Sun, & Grattan, 2008].  
The monitoring of humidity is important in numerous fields especially in 
chemical, biomedical and big structures such as bridges or planes [Cgen et al., 2002; 
Luo et al., 2002; Copper et al., 2004; Yeo et al., 2006; Corres, Matias, & Arregui, 
2008]. Therefore relative humidity measurement has been extensively studied to 
develop great sensors. These sensors are normally based on optical fibre technology, 
which uses optical fiber probe to guide a light signal which is modulated with ambient 
humidity and then collected back by a detector [Corres, Matias, & Arregui, 2008]. The 
fiber optic sensors are commonly divided into instrinsic and extrinsic. However, in 
practice, most of humidity sensors are extrinsic type because the fibre is immuned to 
humidity with the exception of special fibers fabricated using sensitive coating 
materials.  Likewise, tapered POF have received a tremendous interest in recent years 
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for various sensor applications. For instance, we have proposed and demonstrated uric 
acid sensors by   using a tapered POF coated with various sensitive materials to enhance 
the performance of the sensor as discussed in the previous chapter. In this chapter, 
various relative humidity (RH) sensors are proposed and demonstrated using tapered 
POF in conjunction with various sensitive coating materials. The performances of the 
RH sensors are compared from various sensitive coatings such as agarose gel, 
hydroxyethylcellulose/polyvinylidenefluoride (HEC/PVDF) composite and Zinc-Oxide 
nanostructure. The next section gives a general background on RH and evanescent wave 
based humidity sensors. 
 
5.2  Background on Relative Humidity (RH) and evanescent wave-based 
humidity sensors 
Humidity is an important physical quantity being investigated for today‟s era of 
environmental protection, meteorology, defense, aerospace, warehousing, industrial and 
agricultural production sector. Relative humidity (RH) is a term used to describe the 
amount of water vapor in a mixture of air and water vapor. It is defined as the ratio of 
the partial pressure of water vapor in the air–water mixture to the saturated vapor 
pressure of water at the prescribed temperature. RH, simply represents the ratio of the 
amount of water vapour present in the atmosphere to the maximum amount the 
atmosphere can hold [Yeo, Sun, & Grattan, 2008] and is often expressed as a percentage 
using the following equation, 
 
 Relative Humidity (RH) =   
  
   
              (5-1) 
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where Pw is the partial pressure of the water vapour and Pws is the saturation water 
vapour pressure. It can be measured through the properties of some bulk material such 
as the change in either physical dimensions or refractive index [Corres, Matias, & 
Arregui, 2008]. 
As discussed in previous chapters, the fiber sensor researches are focusing in 
many new areas such as humidity, gases and vapours sensing, medical and chemical 
analysis, molecular biotechnology, marine and environmental analysis industrial 
production monitoring, bioprocess control, and the automotive industry. The discovery 
of refractive index change as an approach used in the Evanescent Wave sensing method 
(Muto et al., 2003) has generated great interest among researchers to develop high 
performance devices such as humidity sensors. Humidity sensors are based on 
reversible absorption of water (H2O) from the ambient atmosphere into a porous thin-
film interferometer that sits on the tapered fiber and changes the refractive index of the 
thin films and subsequently transforms the lossy fiber into a light guide. Various RH 
sensors have been explored using a glass silica fiber. For instance Arregui et. al. (2003) 
uses a tapered silica fiber coated with hydrogels while Bariain et al. (2000) uses the 
tapred fiber coated with agarose gel for humidity sensing based on refractive index 
change. Using on the same approach, humidity sensors was also proposed based on a 
tapered silica fibers coated with nanostructured films using the ionic self-assembled 
monolayer (ISAM) deposition technique (Corres et al., 2006; Corres et al., 2007). Many 
works have also been reported on using a side-polished silica optical fiber coated with a 
humidity sensitive layer for humidity sensing. Such a sensor was fabricated by means of 
polishing the flat surface parallel to the fiber axis in order to remove the cladding. The 
side polishing was realized by first fixing the optical fiber in a rigid holder, forming a 
rectangular block with fiber extending out from the two end faces of the block 
orthogonal to the fiber axis. The advantage of this scheme is that the sensing element 
 93 
 
can be fabricated using inexpensive components and a variety of coating materials can 
be deposited onto the flat surface of the fiber block. However, the fabrication procedure 
is very time consuming, dependent upon the design of the fiber block and has limited 
exposed interaction length. Later, (Gaston et al., 2003; Gaston, Perez and Sevilla, 2004) 
proposed a humidity sensor based on a single mode, side-polished fiber with a PVA 
overlay which was tested with 1310nm and 1550nm laser sources and showed different 
sensing characteristics.  
 
5.3 Tapered POF for RH sensing 
As mentioned earlier, tapered optical fibers have gained much popularity in 
various sensing applications due to its high sensitivity. Compared to silica based fiber, 
POFs show several advantages such as ease of handling, mechanical strength, 
disposability and easy mass production of components and system. In this work, tapered 
POF is coated by a sensitive layer that can sense the change in relative humidity. The 
coated material will act as a functional cladding layer and its optical properties change 
in response to an external stimulus. The measurement will be based on intensity 
modulation technique where the output voltage of the transmitted light through the 
tapered POF is investigated for changes in RH. As a functional cladding layer, the 
swelling polymer causes swelling effect as the material is exposed to water molecules 
and changes its refractive index. The light intensity that passing through the sensor 
probe (tapered POF) changes remarkably depending on the RH of the surrounding. The 
proposed probes are based on PMMA fiber and thus give good robustness to the 
sensors.  
Here, the performances of various RH sensors based on tapered POF coated with 
agarose gel, HEC/PVDF composite and zinc oxide were investigated. Variations of 
refractive index are achieved when swelling polymers such as agarose gel and 
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HEC/PVDF composite by exposing it to water molecules. On the other hand, Liu et al. 
(2012) reported that the effective refractive index of ZnO composite varies with RH 
change. When the composite are exposed to an environment of humidity, it causes rapid 
surface adsorption of water molecules. The optical properties of ZnO composite 
surfaces are modulated by the surface adsorption of water molecules. The increase of 
water molecules being absorped on ZnO composite results in an increase of RH [Liu et 
al., 2012]. The increasing water molecules cause an increase in both effective refractive 
index of surrounding medium and absorption coefficient of the ZnO composite surfaces 
and leads to larger leakage of light in the tapered fiber. The dependence of the 
surrounding refractive index sensitivity on the three different sensitive coating materials 
is investigated in this study. 
 
5.4 Agarose gel based RH sensor 
Agarose is a polysaccharide consisting of a linear polymer (repeating units) of 
D-galactose and 3,6-anhydro L-galactose. Agarose is known to be structurally strong 
enough to be molded into micro scale structures [Jain, Yang & Erickson, 2012].  
Commercially, agarose are extracted from seaweed and purified for use in 
electrophoresis. The movement of molecules through an agarose gel is dependent on the 
size, charge of molecules and the pore sizes present in the agarose gel. It is reported that 
the refractive index of agarose changes with humidity and its concentration [Bariain et. 
al. 2000, Jain, Yang & Erickson, 2012].   
As mentioned earlier, the measurement of humidity is essential in chemical and 
food processing, air conditioning, electronic processing, ion-selective membranes, and 
immobilization matrixes for the entrapment of sensing indicators. Thus, the 
development of a low-cost humidity sensor with fast response has assumed great 
importance. An experimental study on the use of hydrogels in the fabrication of optical 
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fiber humidity sensors was conducted by Arregui et al. [2003] using silica fiber. This 
has triggered our curiosity to see what happens if a POF taper replaces the silica fiber 
taper in a new set of experiments. In this section, a new POF-based humidity sensor is 
proposed and demonstrated using agarose gel deposited on the tapered POF. The optical 
properties of the coated tapered POF change in response to a change in the external 
humidity level. The measurement is based on the intensity modulation technique where 
the output voltage of the transmitted light is investigated for changes in RH. 
5.4.1 Experimental procedure 
In this experiment, agarose powder obtained from Sigma Aldrich (no. A6013) 
was dissolved in water, in proportions of 0.5, 1 and 1.5% in weight. The mixture was 
heated to 50°C.  A small portion of the mixture was deposited on the tapered area of the 
fiber. Then, the fiber was left to dry for a day.  Figure 5.1 (a) shows the photographic 
image of the prepared agarose gel while Figures 1(b), (c) and (d) show the microscopic 
images (X50) of agarose gel deposited on glass slides (scale: 200μm)  for 0.5, 1 and 
1.5% weight composition respectively.  
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(a)                                  (b)                               (c)                                   (d) 
Figure 5.1:Photographic Image of (a) agarose gel of 0.5, 1 and 1.5% weight content (b) 
microscopic image of agarose gel 0.5% weight content   (c) microscopic image agarose 
gel 1% weight content   and   (d) microscopic image agarose gel 1.5% weight content. 
 
The tapered POF was then prepared based on chemical etching technique using 
acetone, de-ionized water and sand paper. The POF used had an overall cladding 
diameter of 1 mm, a numerical aperture of 0.51 and an acceptance angle of 61°. The 
refractive index of the core and cladding were 1.492 and 1.402 respectively. The tapered 
fiber with stripped region waist diameter of 0.45mm was placed with both ends of the 
fiber held and straightened onto translation stages for the deposition of agarose gel. In 
the process, the prepared agarose gel solution was slowly dropped onto the tapered 
region of the fiber using syringe and left to dry for 1 day. Figures 5.2 (a) and (b) shows 
the microscope images of the original un-tapered and tapered POF, which have a 
cladding diameter of 1 mm and 0.45 mm respectively. Figures 5.2(c), (d) and (e) show 
the tapered fiber with agarose gel of 0.5, 1 and 1.5% weight content respectively.  
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(a)                 (b)                       (c)                       (d)                       (e) 
Figure 5.2:Microscope images of (a) un-tapered POF (with diameter of 1 mm), (b) 
Tapered POF (with diameter of 0.45 mm) and Fig. 2 (c), (d) and (e) Tapered POF 
coated with agarose gel of 0.5, 1 and 1.5% weight content respectively (scale: 1cm: 
1.5mm).   
 
Figure 5.3 shows the experimental setup for the proposed sensor to detect 
change in RH using the tapered POF with and without agarose gel. The setup consists of 
a light source, an external mechanical chopper, the proposed sensor, 1365 data logging 
humidity-temperature meter, a highly sensitive photo-detector, a lock-in amplifier and a 
computer. The input and output ports of the tapered POF were connected to the laser 
source and photo-detector, respectively. The light source used in this experiment was a 
He-Ne laser operating at a wavelength of 633 nm with an average output power of 5.5 
mW. It is chopped at a frequency of 113 Hz by a mechanical chopper to avoid the 
harmonics from the line frequency which is about 50 to 60 Hz. The 113Hz frequency 
was chosen as an odd number to prevent multiplication of 50 and 60 Hz besides it is an 
acceptable value of output and stability. The He-Ne light source was launched into the 
1.5mm 
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tapered POF placed in a sealed chamber with a dish filled with saturated salt solution. 
The sealed chamber was constructed with a hole and the tapered POF was introduced 
through it into the sealed receptacle and suspended in the air above different saturated 
salt solutions in order to measure different values of RH [Corres et al., 2006]. The 
output light sent into the silicon photo-detector (818 SL, Newport) and the resulting 
electrical signal fed into the lock-in amplifier (SR-510, Stanford Research System) 
together with the reference signal of the mechanical chopper. The output from the lock-
in amplifier  relayed to a computer through an RS232 port interface to be processed 
using Delphi software. The reference signal from the chopper was matched with the 
input electrical signal from the photo-diode. This creates a very sensitive detection 
system that is able to remove the noise generated by the laser source, photo-detector and 
the electrical amplifier in the photo-detector. In the experiment, the performance of the 
proposed sensor was investigated for a series of changes in RH ranging from 50 to 80% 
using 1365 data logging humidity-temperature meter. 
Throughout the experiment, the corresponding output voltage was measured by 
a lock-in amplifier which provides accurate measurements even though the signal is 
relatively very small compared to noise. Furthermore, a well-regulated power supply is 
used for the red He-Ne laser to minimize the fluctuation of source intensity. 
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Figure 5.3:Experimental setup for the proposed sensor to measure relative humidity 
using a tapered POF with agarose gel. 
5.4.2 Performance of the sensors 
 The refractive index of agarose gel used in this experiment was measured using 
the digital refractometer, which can measure the refractive index and other related 
parameters with high precision within a short time. The measured refractive index 
values for the agarose gel were obtained at 1.3339, 1.3299 and 1.3297 for 0.5, 1 and 1.5 
% of weight contents, respectively. Figure 5.4 shows the variation of the transmitted 
light from the tapered POF against the RH for fiber without and with agarose gel of 
0.5% weight content deposited onto the tapered region. It is observed that the intensity 
of the transmitted light through the agarose coated tapered fiber decreases as relative 
humidity increases from 50 to 80%. Without the agarose coating, the sensitivity of the 
sensor is obtained at 0.0033 mV/% with a slope linearity of more than 96.54% and limit 
of detection of 45.45%. Meanwhile the tapered fiber with agarose gel coating produces 
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a better sensitivity of 0.0228mV/% with a higher slope linearity of more than 98.36% 
and a limit of detection of 0.921%. The limit of detection is calculated by dividing the 
standard deviation with the sensitivity, which indicates that the system is more efficient 
when the value is lower. Figures 5.5 and 5.6 show the variation of the transmitted light 
against the relative humidity for the POF with agarose gel at 1% and 1.5 % weight 
content deposited onto the tapered region respectively. Again, the intensity of the 
transmitted light decreases as the relative humidity changes from 50 to 80%. The 
tapered fiber with agarose gel of 1% weight content shows a sensitivity of 0.0103 
mV/% with a slope linearity of more than 94.95% and a limit of detection of 2.635% 
while the one with agarose gel of 1.5% weight content  produces a sensitivity at 0.0079 
mV/% with a  slope linearity of more than 98.53% and a limit of detection of 6.853%. 
The limit of detection is calculated by dividing the standard deviation with the 
sensitivity, indicates that the system is more efficient.  In all there pattern, the output 
voltage is found to be decreasing. This is because, as the RH increases, the polymer 
swells in the presence of water molecules. According to Lee et al. [2007] the RI value of 
agarose gel varies from 1.52 to 1.54 when RH changes from 20% to 80%. The humidity 
sensitive layer of the composite has an RI value which is higher than that of the core 
which creates a lossy waveguide. 
The transfer function for the output voltage versus relative humidity is obtained 
as follows for agarose gel coating ratios of 0.5, 1 and 1.5% respectively. 
 
                   (5-2) 
                    (5-3) 
                    (5-4) 
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and the following transfer function is obtained for the fiber without the agarose gel 
coating 
                   (5.5) 
 
In short, bare tapered fiber is immune to humidity change but tapered fiber 
coated with hydrophilic material such as agarose gel demonstrates a good sensitivity. 
Agarose has a high porosity which allows the gel to absorb moisture and perform as 
humidity sensor. The agarose gel used is based on swelling nature of hydrophilic 
materials which causes refractive index changes in accordance with humidity and 
modulates the light propagating through the fiber. The fiber with agarose gel of 0.5% 
weight content shows higher sensitivity in comparison with 1% and 1.5% due to the 
effect of pore size. As mentioned by Stellan et al. [1981] the porosity of agarose gels 
decreases as the concentration of agarose increases. In addition to that, the lower limit 
of detection for the tapered fiber with agarose gel compared to bare fiber shows that the 
system is more efficient.  
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Figure 5.4:Output voltage against RH for the bare fiber and tapered fiber with agarose 
gel of 0.5% weight content.  
 
Figure 5.5:Output voltage against RH for the bare fiber and tapered fiber with agarose 
gel of 1% weight content 
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Figure 5.6:Output voltage against RH for the bare fiber and tapered fiber with agarose 
gel of 1.5% weight content 
 
 Reversibility of the results is another important issues that need to be justified 
for practical application of any sensor system. As for that, this parameter is tested for 
the reported system. In the experiment, the output measurement as a function of 
concentration are recorded for two different runs and the results are compared in Figure 
5.7. As can be noticed from the figure, the maximum difference between the two runs is 
about ±0.05mV, which is acceptable for a full-scale output of  2.25 mV.  
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Figure 5.7:The reversibility of the results obtained for two different runs (RH). 
 
The performance characteristic of the proposed sensor is summarized in Table 
5.1. Overall, the sensor is observed to be sufficiently stable with standard deviations of 
0.021mV for agarose gel of 0.5% weight content, 0.027mV for agarose gel of 1% 
weight content and 0.054mV for agarose gel of 1.5% weight content as recorded for a 
time duration of 100 second. These results show that the proposed sensor is able to 
gauge relative humidity in real time. 
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Table 5.1:Table performance of the proposed sensor 
Performances 
Bare 
fiber 
Fiber with  
agarose 0.5% 
weight content 
Fiber with  
agarose 1% 
weight content 
Fiber with  
agarose 1.5% 
weight content 
Sensitivity 0.0028 0.0228 0.0103 0.0079 
Linearity 93.28 98.36 94.95 98.53 
Std Deviation 0.1509 0.021 0.027 0.054 
Limit of 
detection 
53.89 0.921 2.635 6.835 
 
5.5  Tapered fiber with HEC/PVDF coating for RH sensor  
Hydroxyethyl cellulose is a gelling and thickening agent resulting from 
cellulose. It is extensively used in cosmetics, cleaning solutions, and other domestic 
products. Meanwhile, Hydroxyethylcellulose/ polyvinylidenefluoride (HEC/PVDF) 
composite is a class of polymeric material known for its excellent water absorption 
properties [Muto et al., 2003]. Therefore, in this section, tapered POF is coated by a 
polymer blend of HEC/PVDF composite to sense the change in RH. The coating of the 
tapered fiber changes its optical properties in response to an external stimulus. The 
tapered fiber with the composite coating acts as an effective refractive index cladding 
that allow more lights to be transmitted in hydrates state. The coating with HEC/PVDF 
composite increases the sensitivity of the proposed sensor due its ability to swell in a 
humid atmosphere resulting in a drop in its refractive index below that of the core and 
thus allowing more transmission from the tapered fiber.  The measurement is based on 
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intensity modulation technique where the output voltage of the transmitted light is 
investigated for changes in RH. 
5.5.1 Experimental proceduce 
For the preparation of HEC/PVDF, 1 g of PVDF powder (Mw = 275,000) was 
dissolved in 120 ml dimethyl formamide (DMF) at the 90
o
C in water bath. Then, the 
PVDF solution was cooled down to room temperature before 4 g of hydroxyethyl 
cellulose (HEC) was added to the solution. The mixed solution was continuously stirred 
at room temperature for about 10 hours in order to get a completely homogenous 
solution as described by Muto et al. [2003]. Figures 5.8 (a) and (b) show a sample of 
HEC/PVDF composite solution and its microscopic image respectively. 
 
(a)                                                             (b) 
Figure 5.8:Image of (a) HEC/PVDF composite, (b) microscopic image of HEC/PVDF 
composite. 
 
The linear type of tapered POF was then prepared using acetone, de-ionized 
water and sand paper in accordance with chemical etching technique as described in the 
previous sections. The tapered fiber used in this study has a stripped region waist 
diameter of 0.45 mm as recommended by Beres et al. [2011]. Both ends of the POF 
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were held and straightened on translation stages to deposit the HEC/PVDF onto the 
tapered fiber. In the process, the prepared HEC/PVDF composite solution was slowly 
dropped onto the tapered region of the fiber using syringe and left to dry for 48 hours. 
Figures 5.9 (a) and (b) show the microscope images of the original un-tapered and 
tapered POF, which have a cladding diameter of 1 mm and 0.45 mm respectively. 
Figure 5.9(c) shows the tapered fiber coated with HEC/PVDF composite.  
 
 
                 (a)                                           (b)                                         (c) 
Figure 5.9: Microscopic images of (a) un-tapered POF (with diameter of 1 mm), (b) 
Tapered POF (with diameter of 0.45 mm) and (c) Tapered POF with HEC/PVDF 
composite. 
5.5.2 Performance of the sensors 
The sensor experiment is carried out using a similar setup of Fig. 5.3. In the 
experiment, the transmitted output voltage is measured for changes in RH using the 
fabricated tapered POF coated with HEC/PVDF composite as a probe. Fig. 5.10 shows 
the variation of the transmitted light from the tapered POF against the RH for fiber with 
and without HEC/PVDF composite deposited onto the tapered region. The change in the 
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intensity of the transmitted light of the HEC/PVDF composite on tapered fiber increases 
with RH in a quadratic manner. The adjusted R-square value or the coefficient of the 
determination is the measure of the goodness of fit which is 0.9869. The considerably 
high values of the adjusted R-square allow the prediction of unknown RH by the model. 
This is opposed to the trend demonstrated by the bare fiber  where the output remains 
constant despite the increase of RH. According to Muto et al. [2003],  the refractive 
index of hydroxyethylcellulose (HEC) film, which was measured using Abbe‟s 
refractometer, changed from 1.51 in the dry state to 1.48 in humid air with 80% RH.  
The humidity sensitive layer of the composite has an RI value which is higher than that 
of the core in dry state. This situation creates a lossy waveguide and as the cladding 
layer hydrates, the RI value falls below that of the core and increases the intensity of 
light propagating through the core.  
 
 
 
Figure 5.10:Output voltage against RH for the proposed tapered POF based sensor with 
and without HEC/PVDF composite 
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Figure 5.11 depicts the output voltage from the photo-detector which shows that 
the transmitted light intensity linearly increases as the RH rises from 55 to 80%. The 
bare fiber (without HEC/PVDF) has a sensitivity of 0.0034 mV/% with a slope linearity 
of more than 94.71% and limit of detection of 45.45%. Meanwhile the probe with the 
HEC/PVDF composite produces a better sensitivity of 0.0231 mV/% with a better slope 
linearity of more than 99.65% and a limit of detection of 5.75%. Again, the lower limit 
of detection for the probe with HEC/PVDF shows that the system is more efficient. The 
lower limit of detection, calculated by dividing the standard deviation with the 
sensitivity, indicates that the system is more efficient.  
The transfer function for the output voltage versus relative humidity is obtained 
as follows for the sensor with HEC/PVDF coating. 
                   (5-6) 
 
and the following transfer function is obtained for the fiber without the HEC/PVDF 
coating 
 
                   (5-7) 
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Figure 5.11: Performance of Humidity Sensor with and without HEC/PVDF 
composite 
 
Reversibility capability of the sensor is also investiagted. The experiment on 
investigating the relation between output voltage and RH is carried out for two different 
approaches; increasing and decreasing manners. The results are compared in Figure 
5.12, where  the maximum difference between the two runs is about ±0.05mV. This 
difference is acceptable since the full-scale output is 1.26 mV.  
 
y = 0.0034x + 0.3219 
R² = 0.897 
y = 0.0231x - 0.6083 
R² = 0.993 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
55 60 65 70 75 80
O
u
tp
u
t 
V
o
lt
a
g
e 
(m
V
) 
RH (%) 
Without HEC/PVDF With HEC/PVDF
 111 
 
 
Figure 5.12:The reversibility of the results obtained for two different runs (RH). 
 
The performance characteristic of the proposed sensor is summarized in Table 
5.2. Overall, the sensor is observed to be sufficiently stable with a standard deviation of 
0.133mV for POF probe with HEC/PVDF composite as recorded in time duration of 
100 second. Throughout the experiment, the corresponding output voltage was 
measured by a lock-in amplifier which provided accurate measurements even though 
the signal was relatively very small compared to noise. Furthermore, a well-regulated 
power supply was used for the red He-Ne laser and this minimizes the fluctuation of 
source intensity. These results show that the proposed sensor is suitable for measuring 
RH. 
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Table 5.2:Performance of the proposed sensor 
Performances With HEC/PVDF Without HEC/PVDF 
Sensitivity 0.0231mV/% 
 
0.0033mV/% 
Linearity 96.72% 
 
96.54% 
Std deviation 0.133mV 
 
0.1509mV 
Limit of detection 5.75% 
 
45.45% 
 
5.6 Tapered fiber with Zinc Oxide Coating for RH sensor  
 Zinc Oxide (ZnO) is a semiconductor with a bandgap of 3.3 eV and has been a 
subject of intense interest in recent years for various applications such as 
communication, biosensor etc [Zhang et al., 2005; Coleman & Jagadish, 2006; 
Yakimova et al., 2012]. It has a wide range of properties including a range of 
conductivity from metallic to insulating (including n-type and p-type conductivity), high 
transparency, piezoelectricity, wide-bandgap semiconductivity, room-temperature 
ferromagnetism, and huge magneto-optic and chemical-sensing effects [Schmidt-Mende 
& MacManus-Driscoll, 2007].  The advantages of ZnO are that it can be easily 
processed by wet chemical etching and has shown an excellent stability under high-
energy radiation. In addition, it can be grown in a variety of nanostructured 
morphologies by various low cost and low temperature methods [Djurisic, Ng, & Chen, 
2010]. These nanostructures have many unique advantages such as high surface area 
and high sensitivity even at room temperature [Schmidt-Mende & MacManus-Driscoll, 
2007]. For instance, light coupled to nanostructures enhances the optical interaction 
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between the device and the ambient environment [Liu et al., 2012]. Besides, in 
combination with immobilized enzymes, it can also enhance the direct electron transfer 
between the enzyme‟s active sites and the electrons  Ali et al., 2012]. Therefore, many 
new sensors have been developed based on the ZnO nanostructure. For instance, ZnO 
nanowires grown on the surface of gold coated on ﬂexible plastic substrate has been 
demonstrated as a good uric acid biosensor [Usman Ali et al., 2011]. In our earlier 
work, a low cost and simple uric acid biosensor was also demonstrated using a ZnO 
nanostructure on tapered POF. 
The deposition of ZnO nanostructures have been demonstrated on various 
polymer and silica substrates [Zubia & Arrue, 2001; Kim et al; 2012]. Looking at the 
compatibility of ZnO crystal structure, there is no apparent difference between polymer 
and silica, as both do not have deﬁned crystal structures. In this section, a new sensor 
for detecting changes in RH is proposed and demonstrated using a tapered POF coated 
with ZnO nanostructures, which is grown using both seeded and non-seeded techniques. 
The ZnO nanostructures on the tapered ﬁber induce changes of the optical properties in 
response to an external stimulus. The measurement is based on intensity modulation 
technique to detect the changes in RH. 
5.6.1 Experimental procedure for ZnO based RH sensor. 
The tapered POFs were prepared based on chemical etching technique using 
acetone, de-ionized water and sand paper. They have a stripped region waist diameter of 
0.45 mm and the total length 10 mm, which is similar to the previous sensors. The 
preparation for ZnO nanostructures on the tapered fiber consists of two primary steps: 
First, the seed layer to grow the ZnO nanostructures on the fiber was developed using a 
simple manual dip coating technique. The seeded solution was prepared using zinc 
acetate dehydrate (Zn(CH3COO)2·2H2O) as a precursor dissolved in isopropanol with 
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molarity of 0.025 M. The solution was stirred at 60° C for 2 hours in ambient to yield a 
clear and homogenous solution. Then, the solution was cooled down to room 
temperature for the coating process. The fiber was manually dipped into the seeding 
solution and was dried at 50° C to evaporate the solvent and to remove the organic 
residuals. This coating and drying method was repeated for 5 times to increase the 
thickness of the tapered fibers.  
Following this, another solution was prepared to grow ZnO nanostructures on 
the bare tapered fiber and ZnO seeded tapered fiber. This is done by dissolving 0.01M 
zinc nitrate hexahydrate (Zn(NO3)2.6H2O and 0.01M hexamethylenetetramine (HMTA) 
in 100ml deionized water. The deposition process of ZnO nanorods on the fibers was 
performed using sol-gel immersion method by suspending the bare and seeded-ZnO 
fibers in the growth solution at 60°C for 15 hours. Figures 5.13(a) and (b) show the field 
emission scanning electron microscopy (FESEM) images of ZnO nanostructures grown 
on seeded and non-seeded tapered fiber, respectively. A similar RH sensor experiment 
was carried out for both sensor probes using a similar experimental setup of Figure 5.3. 
 
(a) 
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(b) 
Figure 5.13:FESEM images with ZnO nanostructures grown on seeded tapered fiber 
(Fig.5.13(a)) and on non-seeded tapered fiber (Fig.5.13(b)). 
5.6.2 Performance of the sensors 
Figure 5.14 shows the sensing result of the transmitted light from the tapered 
POF coated with ZnO nanostructures grown using the seeded and non seeded technique 
against the RH. The change in the intensity of the transmitted light decreases linearly 
with RH for both cases. According to Liu et al. [2012], the effective refrective index 
(RI) of ZnO composite varies from 1.698 to 1.718 with RH change from 10-95%. The 
ZnO composite are exposed to an environment of humidity causes rapid surface 
adsorption of water molecules. The optical properties of ZnO composite surfaces are 
modulated by the surface adsorption of water molecules. The increase of water 
molecules being absorped on ZnO composite results in an increase of relative humidity 
[Liu et al., 2012]. The increasing water molecules cause an increase in both effective RI 
of surrounding medium and absorption coefficient of the ZnO composite surfaces and 
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leads to larger leakage of light. Therefore, the transmission light reduces with the RH 
increment as shown in Figure 5.14. 
As shown in Figure 5.14, the sensor configured with non-seeded ZnO 
nanostructures has a sensitively of 0.0057mV/% with a slope linearity of more than 
91.67% and limit of detection of 13.84%. On the other hand, the sensitivity of the 
improved sensor with seeded ZnO nanostructures is 0.0258mV/% with a slope linearity 
of more than 95.48% and limit of detection of 0.143%. It is found that the sensitivity of 
the sensor is significanly improved by the seeding technique. Evidently seeding the 
tapered fiber with ZnO nanoparticles as seeds has enhanced the growth of nanorods. In 
the non-seeded sample, the morphorlogy of the ZnO layer were unstructured suggesting 
the growth of layers comprising of nanoparticles. This is attributed to the ZnO 
nanostructures grown by this techniques, shown in Figure 5.13(a). These rods absorb 
more water and increases the sensitivity of the sensor. In addition, the seeding technique 
reduces the limit of detection, which indicates that the sensor system is more efficient. 
The reversibility capability of the sensor is also investigated and the result is shown in 
Figure 5.15. As shown in the figure, the maximum difference between the two runs is 
only about ±0.05mV, which indicates that the sensor has a very good reversibility. 
 
 117 
 
 
 
Figure 5.14:Sensing results for the proposed relative humidity sensor using a 
tapered POF coated with ZnO nanostructure. 
 
 
Figure 5.15:The reversibility of the results obtained for two different runs (RH) 
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The performance characteristic of the proposed sensor is summarized in Table 
5.3. The sensor is observed to be sufficiently stable for RH changes with standard 
deviations of 0.0037mV and 0.0789mV as the measurement is taken for 100 seconds for 
the probe obtained by seeded and non-seeded processes, respectively. These results 
show that the tapered POF with ZnO nanostructures is capable for RH detection. It is 
also found that the seeding approach improves the sensitivity and limit of detection of 
the sensor.   
Table 5.3:The performance of the proposed RH sensor 
Performances 
 
ZnO Coating 
 
ZnO Grown 
 
Sensitivity 0.0057 mV/% 0.0258 mV/% 
Linearity 91.67 % 95.42 % 
Standard deviation 0.0789mV 0.0037mV 
Limit of detection 13.84% 0.143% 
 
5.7  Summary 
Three RH sensors have been proposed and demonstrated using tapered POF in 
conjunction with various sensitive coating materials. These materials are agarose gel, 
Hydroxyethylcellulose/ polyvinylidenefluoride (HEC/PVDF) and zinc oxide (ZnO). 
Their refractive indices vary with the amount of surrounding water vapor with a good 
repeatability and sensitivity. The sensors are based on an intensity modulation and uses 
PMMA plastic tapered fibers coated with the sensitive materials as a probe. Hence, 
these humidity sensors might be preferred by some application requiring less cost and 
sensitivity. Variations of refractive index are achieved through the changes in relative 
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humidity. Subsequent performance analysis allows the identification of the experimental 
dependence of the surrounding refractive index sensitivity on the three different 
sensitive coating materials. 
It is observed that the probe sensitivity improves with the coating. Since the 
cladding area of the tapered POF has been removed, the sensitive material works as 
passive cladding and its refractive index can influence the amount of power loss as the 
signal propagates through the tapered region. This is attributed to the difference in 
refractive index between the cores and cladding that influences the amount of light 
confinement inside the core. In case of agarose gel and HEC/PVDF, variations of 
refractive index are achieved when the polymers swell as the water molecules attached 
to the surface. The RH sensor with agarose gel coating (0.5 wt.%) produces a sensitivity 
of 0.0228 mV/% with a higher slope linearity of more than 98.36% and a limit of 
detection of 0.921%. With HEC/PVDF coating, the sensor sensitivity is slightly 
improved to 0.0231 mV/% with a better slope linearity of more than 99.65%. On the 
other hand, the effective refrective index of ZnO composite changes with RH. When the 
composite are exposed to an environment of humidity, it causes rapid surface adsorption 
of water molecules and changes its optical property. The increase of RH causes an 
increase in both effective refractive index of surrounding medium and absorption 
coefficient of the ZnO composite surfaces, which leads to larger leakage of light. It is 
found that the sensitivity of RH sensor with ZnO nanostructures grown on seed tapered 
fiber is 0.0258mV/%. The sensor has a slope linearity of more than 95.48% and limit of 
detection of 0.143%. 
Once again, the lower standard of deviation and limit of detection of the POF 
probe with sensitive materials indicates that the proposed sensors are stable and 
efficient. The lock-in amplifier provides accurate measurements and the well-regulated 
power supply used for the red He-Ne laser and minimizes the fluctuation of source 
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intensity. These results show that the proposed sensor is applicable and useful for the 
relative humidity measurement and shows that the sensitive coating materials have 
successfully enhanced the performance of the fiber sensor. 
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Chapter 6 
 
Conclusions and Future Works 
 
6.1 Conclusions 
The plastic optical fiber (POF) is replacing silica fibers especially for sensor 
applications due to its admirable uniformity and other physical properties in term of 
strength and flexibility. Compared to the silica fibers, it can be stretched further without 
breaking, simpler and less expensive components and lighter weight. The efforts to 
develop smaller but more sensitive and accurate sensors to cater to a large range of 
physical, chemical and biomedical measurements constitute a substantial drive for 
optoelectronics research today. Recently, tapered optical fibers have attracted many 
interests especially for sensing applications due to a higher portion of evanescent field 
interacting with the physical ambience of its surrounding. The measuring or sensing of 
refractive index is one of importance scientific technique for sensors. Refractive index 
is a fundamental material property for which its accurate measuring is crucial in many 
applications. Any change in the optical or structural characteristic of the chemical, 
provokes a change in the effective index of the optical fiber, changing its transmission 
properties. To enhance the sensitivity of surrounding refractive index variation around 
the optical fibers, the tapered fiber is coated with sensitive materials. The coated tapered 
fiber changes optical properties in response to an external stimulus.  
In our work presented here, the fabrication of tapered PMMA fibers are firstly 
demonstrated based on the heat-and-pull technique and chemical etching technique. The 
sensors are demonstrated to measure the refactive index of the external liquid using a 
probe, which is obtained by these two techniques. It is found that chemical-etched taper 
provides better performance in term of repeatability. The repeatability of the etching 
 122 
 
process in terms of taper ratio and shape and its superior sensitivity has led to its further 
use in realizing several practical evanescent field sensors. In this work, various 
evanescent field absorption sensors are developed for electrolyte and nonelectrolyte 
solutions using the PMMA tapered fiber probe. The effect of chemical etching, size of 
fiber for better sensitivity, bending effect and refractive index of the solvent on the 
sensitivity of the sensor have been reported successfully. 
In Chapter 4, the tapered fiber are coated with sensitive coating materials such as 
graphene, single walled carbon nanotube and zinc oxide and demonstrated as a sensor to 
detect uric acid concentration. Variations of refractive index are achieved through the 
use of different concentration of uric acid solution. Subsequent performance analysis 
allows the identification of the experimental dependence of the surrounding refractive 
index sensitivity on the three different sensitive coating materials. It is observed that the 
transmitted light intensity improves with the sensitive material coating. Simple fiber 
optic chemical sensors have been succesfully demonstrated to measure uric acid change 
between the range from 100ppm to 500ppm. Table 6.1 below summarizes the 
performance of the proposed chemical sensors. 
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Table 6.1:Performance of chemical sensors 
 
Bare fiber 
Fiber with  
graphene 
Fiber With 
SWCNT-PEO 
Fiber with  
ZnO 
nanostructure 
Sensitivity 
(mV/ppm) 
0.0003 0.0021 0.0023 0.0025 
Linearity (%) 
97.65 98.88 98.6 98.28 
Std Deviation 
(mV) 
0.029 0.016 0.016 0.014 
Limit of 
detection 
(ppm) 
96.67 7.61 6.95 5.6 
 
It is observed that the fiber without the coating has the lowest sensitivity of 
0.0003mV/ ppm with a slope linearity of more than 97.65. By coating the tapered fiber 
probe with graphene, the sensitivity of the sensor increases to 0.0021mV/ppm with a 
better slope linearity of more than 98.88%. The performance of the sensor can be further 
improved by using SWCNT-PEO composite as a sensitive material. The sensor 
produces a sensitivity of 0.0023 mV/% with a slope linearity of more than 98.6 % and a 
limit of detection of 6.95 ppm. The performance of the tapered fiber based sensor is also 
investigated using nanostructures instead of normal coating as a sensive material. It is 
found that by growing a seeded Zinc oxide nanostructures on the tapered fiber, the 
sensor produces a sensitivity of 0.0025mV/ppm, which is slightly higher than the other 
sensors. The sensitive material works as passive cladding and its refractive index 
influences the amount of power loss as the signal propagates through the tapered region. 
This is attributed to the difference in refractive index between the core and cladding that 
influences the amount of light confinement inside the core. The tapered fiber with 
sensitive coating materials such as graphene, single walled carbon nanotube and zinc 
oxide are successfully demonstrated as a sensor to detect uric acid concentration. 
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In Chapter 5, the tapered fiber are coated with sensitive coating materials such as 
agarose gel, Hydroxyethylcellulose/ polyvinylidenefluoride (HEC/PVDF) and zinc 
oxide (ZnO) for sensing relative humidity (RH) changes. It is observed that the 
transmitted light intensity improves with the sensitive material coating. The 
performance characteristic of the RH sensors is summarized in Table 6.2. 
Table 6.2:Performance of the RH sensors 
 
Bare 
fiber 
Fiber with  
agarose 0.5% 
weight content 
Fiber with  
HEC/PVDF 
composite 
Fiber with  
ZnO 
nanostructure 
Sensitivity 
(mV/%) 
0.0028 0.0228 0.0231 0.0258 
Linearity (%) 93.29 98.36 99.65 95.48 
Std Deviation 
(mV) 
0.1509 0.021 0.133 0.0037 
Limit of 
detection (%) 
45.45 0.921 5.75 0.143 
 
 Simple fiber optic RH sensors have been succesfully demonstrated to measure 
RH within a range from 50 to 80%. It is observed that the transmitted light intensity 
increases linearly the increase of RH at surrounding the probe. The sensor with agarose 
gel of 0.5% weight content produces a sensitivity of 0.0228 mV/% with a slope linearity 
of more than 98.36% and a limit of detection of 0.927%. We believe that other 
hydrophilic materials can also be used to coat the tapered POF as long as its refractive 
index can change in accordance with relative humidity to modulate the light propagating 
through the fiber. For instance, the use of tapered POF coated with HEC/PVDF 
composite as the humidity sensor probe produces a sensitivity of 0.0231 mV/% and a 
linearity of more than 99.65%. The limit of detection is calculated to be 5.75%. The 
humidity sensitive layer of the composite has an RI value which is higher than that of 
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the core in dry state. This situation creates a lossy waveguide and as the cladding layer 
hydrates, the RI value falls below that of the core and increases the intensity of light 
propagating through the core. The rise in humidity level thus reduces the effective 
refractive index of the composite cladding thus allowing more light to be transmitted. 
However, the better sensivity is achieved with the growth of ZnO nanostructure on the 
tapered POF.  This sensor provides the highest sensitivity of 0.0258mV/% with a slope 
linearity of more than 95.48% and limit of detection of 0.143%.  
In conclusion, the sensive material plays an important roles in both chemical and 
RH sensors. Since the cladding area of the tapered POF has been removed, the sensitive 
material works as passive cladding and its refractive index can influence the amount of 
power loss as the signal propagates through the tapered region. This is attributed to the 
difference in refractive index between the core and cladding that influences the amount 
of light confinement inside the core. This shows that the sensitive coating materials 
have successfully enhanced the performance of these POF sensors.  
6.2 Recommendations for future works 
 Summarizing, the applicability of manufactured sensors depends on the 
deposition technique utilized while the sensitivity of manufactured sensors strongly 
depends on the coating materials used. Therefore, the important area of research 
includes coating sensitive material on the tapered fibers. In order to further improve on 
fabricating biosensors, a suitable sensitive coatings is needed to interact and perform 
with complex medium.  Recently zinc oxide has attracted much attention within 
scientific community as a „future material‟. However, further studies are needed on the 
optical, structure properties and the dopping effect of this material. In the future, work 
should include comprehensive and more detailed study on high efficiency sensors using 
this nanostructures. As a final remark, there are vast research opportunities to be 
explored in the applications that take advantage of sensors based system.  
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